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ABSTRACT
The development of InGaN quantum dots (QDs) is both scientifically challenging
and promising for applications in visible spectrum LEDs, lasers, detectors, electroab-
sorption modulators and photovoltaics. Such QDs are typically grown using the
Stranski-Krastanov (SK) growth mode, in which accumulated in-plane compressive
strain induces a transition from 2D to 3D growth. This method has a number of
inherent limitations, including the unavoidable formation of a 2D wetting layer and
the difficulty of controlling the composition, areal density, and size of the dots. In
this research, I have developed InGaN QDs by two methods using a plasma-assisted
molecular beam epitaxy reactor. In the first method, InGaN QDs were formed by SK
growth mode on (0001) GaN/sapphire. In the second, I have addressed the limitations
of the SK growth of InGaN QDs by developing a novel alternative method, which was
utilized to grow on both (0001) GaN/sapphire and AlN/sapphire. This method relies
v
upon the ability to form thermodynamically stable In-Ga liquid solutions throughout
the entire compositional range at relatively low temperatures. Upon simultaneous or
sequential deposition of In and Ga on a substrate, the adatoms form a liquid solu-
tion, whose composition is controlled by the ratio of the fluxes of the two constituents
FIn/(FIn +FGa). Depending on the interfacial free energy between the liquid deposit
and substrate, the liquid deposit and vapor, and the vapor and substrate, the liquid
deposit forms Inx-Ga1−x nano-droplets on the substrate. These nano-droplets convert
into InxGa1−xN QDs upon exposure to nitrogen RF plasma. InGaN QDs produced by
both methods were investigated in-situ by reflection high-energy electron diffraction
and ex-situ by atomic force microscopy, field emission scanning electron microscopy,
transmission electron microscopy, high resolution x-ray diffraction, and grazing in-
cidence small angle x-ray scattering. The optical activity and device potential of
the QDs were investigated by photoluminescence measurements and the formation
and evaluation of PIN devices (in which the intrinsic region contains QDs embedded
within a higher bandgap matrix). InGaN QDs with areal densities ranging from 109
to 1011 cm−2 and diameters ranging from 11 to 39 nm were achieved.
vi
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1Chapter 1
INTRODUCTION
This dissertation seeks to develop InGaN quantum dots (QD) in order to improve
the performance of existing optoelectronic devices and facilitate the development of
as-yet unrealized device concepts such as the intermediate-band solar cell (IBSC).
Towards this end, InGaN QD growth is developed for both a conventional method
and a novel method, and several complimentary nanoscale characterization techniques
are utilized for in-depth investigations of the QD structural properties.
This chapter provides background information on the InGaN material system and
the conventional Stranski-Krastanov (SK) method of epitaxial QD formation, as well
as literature review of a few relevant subjects. These subjects include InGaN QDs, an
alternative QD growth technique called droplet hetero-epitaxy (DHE) that has found
great success with several material systems, and novel photovoltaic device concepts.
While the development of such devices is beyond the scope of this work, InGaN QDs
are uniquely suited to their realization, and thus the discussion of photovoltaics serves
to motivate the research.
Section 1.1 discusses the spectral range of the InGaN material system, as well
as various deleterious alloying phenomena, and introduces the SK method of QD
formation. Section 1.2 discusses the DHE method of QD formation. Section 1.3
discusses the IBSC and the potential realization of the device concept by InGaN
QDs. Section 1.4 reviews relevant literature on InGaN QDs, InGaN photovoltaics,
and prototype IBSCs.
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Figure 1·1: Theoretical bandgap energy for bulk InGaN as a function
of InN mole fraction.
1.1 InGaN material properties
The InGaN material system has a direct band-gap that can be tuned from approxi-
mately 0.78 eV in the near-infrared to 3.51 eV in the near-UV as the alloy composition
varies from pure InN to pure GaN. This makes the entire visible spectrum accessible,
and as such makes InGaN well suited to optoelectronic applications. Using bandgap
energies of 0.78 and 3.51 eV for InN and GaN respectively and a bowing parameter of
1.4 eV [Vurgaftman and Meyer, 2003], the bandgap of InxGa1−xN can be calculated
as
E(x) = x(.78) + (1− x)(3.51)− x(1− x)(1.4) (1.1)
The calculated bandgap energy as a function of InN mole fraction is show in Figure
1·1.
3The structural quality of InGaN is known to degrade with increasing InN mole
fraction, primarily due to an approximately 11% lattice mismatch between InN and
GaN [Pankove and Moustakas, 1999]. InGaN is typically grown on a GaN tem-
plate, which imparts significant compressive strain due to its smaller in-plane lattice
constant. This strain is ultimately relieved through the formation of defects such
as threading dislocations, which can function as scattering and nonradiative recom-
bination centers, and provide potential pathways for leakage current. The lattice
mismatch between In and Ga also leads to a substantial miscibility gap, in which
nearly the entire InGaN compositional range falls under the spinodal curve [Ho and
Stringfellow, 1996] for a fully relaxed strain-state. As seen in Figure 1·2, the low-In
edge of the spinodal curve is shifted towards higher values by compressive strain, but
always encompasses a significant compositional range [Figge et al., 2011]. As a result
of the miscibility gap and significant difference in cation size, InGaN is also prone to
alloying phenomena such as phase separation [Doppalapudi et al., 1998a] and partial
long range atomic ordering [Doppalapudi et al., 1998a,Doppalapudi et al., 1998b] that
are responsible for local potential energy fluctuations. Furthermore, c-plane (by far
the most common and extensively studied growth plane for III-nitride films) InGaN
quantum wells (QW) are known to suffer from the quantum confined stark effect
(QCSE) as a result of the polar nature of the material. The QCSE separates the elec-
tron and hole wavefunctions, thus decreasing the wavefunction overlap and according
to Fermi’s Golden Rule, the radiative recombination rate (absorption coefficient) of
the emitting (absorbing) active region.
InGaN QDs are largely exempt from such deleterious materials issues due to their
small size and self-assembly. The small size of the QDs suppresses the previously
described alloying phenomena, which tend to manifest over significantly larger length
scales. The formation of defects is largely suppressed by the QD growth process. Self-
4Figure 1·2: Phase diagram for InGaN, in which the spinodal curve
is shown for various degrees of strain to a GaN template [Figge et al.,
2011].
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assembled InGaN QDs are typically grown by the SK method, in which films grow
two-dimensionally under compressive strain until they exceed a critical thickness, after
which the accumulated strain energy is relieved through a transition to 3D growth
rather than the formation of defects, as seen in Figure 1·3(a) [Henini, 2012]. Due to
this method of strain relief, self-assembled InGaN QDs are expected to exhibit high
crystalline quality with very low defect densities.
6Figure 1·4: Basic overview of DHE for growth of GaAs QDs [Henini,
2012].
1.2 Quantum dot formation by droplet hetero-epitaxy
The droplet heteroepitaxy (DHE) technique consists of forming liquid nanodroplets
of metallic group III elements and subsequently inducing crystallization via exposure
to non-metallic group V elements [Koguchi et al., 1991]. This method has proven ca-
pable of producing both binary (GaN [Gherasimova et al., 2004,Hu et al., 2002,Wang
et al., 2007], InN [Kumar et al., 2011], GaAs [Ro et al., 1999], InAs [Mano et al.,
2000], GaSb [Kawazu et al., 2009, Liang et al., 2009], InSb [Koguchi et al., 1991])
and ternary (InGaAs [Mano et al., 1999]) QDs. Despite the successful demonstration
of both InN and GaN QD growth, the DHE technique remains unexplored for QDs
composed of InGaN alloys.
DHE has several potential advantages compared to the SK method of QD growth.
As seen in Figure 1·4 [Henini, 2012], DHE is a very flexible technique in which the
growth parameters (e.g. temperature, metal coverage, III flux, V flux) strongly influ-
ence the QD topography. Also, as DHE consists of the formation and crystallization
7of nanodroplets in subsequent steps, QDs can be formed without wetting layer and
with alloy compositions not possible by SK (e.g. lattice-matched materials), though
certain combinations of large QD size and lattice mismatch with the template will
presumably still result in incoherent islands. In the case of InGaN, it is known that
In-Ga mixtures have a stable liquid phase throughout the entire compositional range
above a relatively low temperature threshold [Anderson and Ansara, 1991]. It is thus
expected that InxGa1−xN QDs can be formed by nucleating and growing Inx-Ga1−x
nanodroplets and exposing them to active nitrogen. However, alloyed QD growth by
DHE is expected to be difficult because homogeneous mixtures must be formed from
multiple species which have different nucleation and growth kinetics.
1.3 Photovoltaic applications of InGaN quantum dots
While many novel device concepts can be enabled by the development of InGaN
QDs, photovoltaic applications are perhaps the most promising as solar energy con-
tinues to grow in importance as a source of power supply. It is now widely recognized
that clean-energy technologies must be developed in order to maintain the ecological
cycles of Earth’s biosystems [Hamakawa, 2004]. Furthermore, the conventional re-
sources of power generation (e.g. crude oil) are limited and will eventually become
depleted. Among the various renewable energy systems in development, solar has the
greatest potential as a widespread transformative technology. Thus motivated, this
section discusses a unique photovoltaic device concept for which InGaN QDs ideally
suited, beginning with an overview of the concept itself before addressing the InGaN
QDs. Though such devices are beyond the scope of this work, the subject is thor-
oughly described in the following due to its significant motivation for the development
of InGaN QDs.
Photovoltaic technologies can be grouped into one of three generations. First
8generation photovoltaic cells are based on bulk crystalline Si or Ge, doped to form
a p-n junction. Such solar cells have achieved moderate conversion efficiencies but
are hampered by high manufacturing costs. Second generation cells are based on
epitaxial thin films, which drastically reduces the areal cost of manufacturing. The
third generation seeks to maintain low areal production costs through the use of thin
films, while simultaneously achieving great enhancements to conversion efficiency (η)
by means of novel technologies. These technologies allow for the circumvention of
the Shockley-Queisser limit [Shockley and Queisser, 1961], the theoretical conver-
sion efficiency limit for single-junction, single-band devices based on thermodynamic
considerations.
1.3.1 Intermediate-band solar cell overview
The third generation of photovoltaics encompasses several diverse approaches to
achieving higher conversion efficiencies, including multijunction (“tandem”) cells, con-
centrators, QDs as absorbing materials, hot carrier cells, photon up/down conversion,
solar-thermal energy, and IBSCs. Combination of these technologies is commonplace;
the current conversion efficiency record of 44.4% was set by a three-junction inverted
metamorphic concentrator cell [Green et al., 2016].
In general, state of the art multijunction photovoltaic cells have the highest ef-
ficiencies by a significant margin, especially when combined with light concentra-
tion. The multijunction solar cell concept consists of multiple junctions with differ-
ent bandgaps, effectively covering an increased spectral range. However, there is an
inherent limitation to the tandem cell concept compared to single junction cells, as
it must always absorb multiple photons in order to generate just one electron-hole
pair for conduction [Luque and Martí, 1997]. This limits the quantum efficiency of
the tandem cell to (1/2)n− 1 for a cell containing n junctions. The IBSC is another
concept based on extending the spectral range to sub-bandgap energies. In contrast
9to the multijunction solar cell, an ideal single junction IBSC has a superior quantum
efficiency limit of 1 for photons with energies exceeding the bandgap, and 1/2 for
sub-bandgap absorption.
The IBSC circumvents the Shockley-Queisser limit by providing an additional
absorption channel for photons with sub-bandgap energies. The device concept as
first proposed by Luque and Marti in 1997 [Luque and Martí, 1997] consists of an
intermediate-band (IB) material sandwiched between p-type and n-type semiconduc-
tor layers, establishing an energy band within the conventional bandgap that facili-
tates the absorption of sub-bandgap photons. The IB material typically consists of
impurities or QDs embedded within a barrier material, though it may alternatively
be formed via band anti-crossing phenomenon in the case of highly mismatched ma-
terials (e.g. GaNAs). Luque and Marti calculated the theoretical maximum efficiency
of the IB solar cell to be 63.1% under maximally concentrated sunlight, a value far
superior to the 40.7% maximum efficiency of a conventional single junction solar cell
calculated with the same assumptions. The sub-bandgap photocurrent generation
involves the absorption of two photons, the first of which excites an electron from
the valence band (VB) to the IB, and the second of which excites an electron from
the IB to the conduction band (CB), ultimately yielding an electron-hole pair at or
above the bandgap energy. This provides another absorption channel in addition
to the conventional direct VB-to-CB transition, as depicted in 1·5(a) [Martí et al.,
2006]. Ideally, the IB should be half filled so as to provide available electrons for the
IB-to-CB transition and empty states for the VB-to-IB transition [Martí et al., 2001].
The IB solar cell device concept seeks to substantially increase the short-circuit cur-
rent (ISC) while maintaining high open-circuit voltage (VOC), which is essential for
achieving high conversion efficiency.
In order to maintain large VOC in the solar cell, the CB, IB, and VB must each
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Figure 1·5: Basic operation of an IBSC. (a) structure of the IB ma-
terial, showing the three absorption processes involved; (b) IB material
sandwiched between p- and n-type semiconductors, showing the rela-
tion between voltage and quasi-Fermi levels.
support separate quasi-Fermi distributions with different quasi-Fermi levels. As seen
in 1·5(b), VOC is then given by the difference between EFC and EFV , with a maximum
limit of EG, regardless of the IB transition energies EH and EL. If there are energy
levels between the IB and the CB or VB, then complete splitting of the quasi-Fermi
levels cannot occur, as electrons would quickly thermalize between the bands via
phonon interaction [Martí et al., 2001]. The requirement of separate quasi-Fermi
distributions with different quasi-Fermi levels is therefore a restriction on the choice
of IB material. Among quantum structures, only QDs have completely discrete energy
levels without some energy continuum between them, as seen in Figure 1·6.
Carriers within a QD occupy discrete energy levels and the density of states (DOS)
resembles a series of delta functions. In the case of an IBSC in which the IB is provided
by a distribution of QDs within a barrier material, this means that there is a zero DOS
between the IB and the CB, and between the IB and the VB. Thus the quasi-Fermi
level of the IB is split from the quasi-Fermi levels of the other bands, and degradation
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Figure 1·6: Density of states for (a) bulk, (b) 1D confinement in
quantum well, (c) 2D confinement in quantum wire, (d) 3D confinement
in quantum dot.
of VOC can be avoided. QD-based IBSCs have a distinct advantage over impurity-
based IBSCs, in that they can be tuned to specific energy ranges via modification of
the composition and size.
According to Shockley-Read-Hall theory, localized energy levels close to the midgap
(i.e. “deep levels”) are potent nonradiative recombination centers. Unfortunately,
the IB may extend into such deep level energies, potentially facilitating nonradia-
tive recombination and thus reducing the sub-bandgap photocurrent generation. The
nonradiative recombination might be possible to suppress by delocalizing the wave-
functions of the IB electrons [Martí et al., 2013]. This provides additional motivation
to achieve high areal density of quantum dots.
1.3.2 Suitability of InGaN
The optimal IBSC, according to the detailed balance calculations by Luque and
Marti, has a bandgap energy EG of 1.95 eV which is split by the IB into two sub-
bands of 0.71 and 1.24 eV [Luque et al., 2012]. Optimized energy levels are not
required, as very high conversion efficiencies (i.e. η > .6) can be achieved for EG in
the range of 1.5-2.6 eV by proper tuning of EL as seen in Figure 1·7 [Luque et al.,
12
2012]. Appropriate bandgap energies for both host material and QDs are accessible
to InGaN, as discussed in Section 1.1 and shown in Figure 1·1.
Figure 1·7: Maximum theoretical η vs EL for an IBSC. EH is shown
as well. The maximum η for a single gap solar cell vs bandgap energy
is provided below for comparison. Source: [Luque et al., 2012]
1.4 Literature review
1.4.1 InGaN quantum dots
InGaN quantum dots (QDs) are of great interest for applications in optoelectron-
ics, such as LEDs, laser diodes, single photon emitters, and photovoltaics. Such QDs
have been grown by several different techniques including the SK growth mode [Adel-
mann et al., 2000,Moustakas et al., 2008, Grandjean and Massies, 1998, Tachibana
et al., 1999], modified droplet epitaxy [Oliver et al., 2013], selective area growth [Wang
et al., 1999, Tachibana et al., 2000], and spinodal decomposition [Krause et al.,
2014, Tessarek et al., 2011]. Of these techniques, the SK growth mode is the most
commonly employed for self-assembly of epitaxial QDs composed of III-V materials.
This method has been used to grow InGaN QDs by plasma-assisted [Adelmann et al.,
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2000,Moustakas et al., 2008] and ammonia [Grandjean and Massies, 1998] molecular
beam epitaxy(PAMBE and NH3 MBE), and metal-organic vapor phase deposition
(MOCVD) [Tachibana et al., 1999]. Despite significant developments, InGaN QD
formation by SK growth mode suffers from limitations in the resultant composition
and morphology. The former is a consequence of the strain-imposed window between
the onset of coherent SK growth and the transition to incoherent SK growth [Daudin
et al., 2000], as the strain is dependent on the InN mole fraction of the film. For
this reason, the SK growth mode has been found unsuitable for the self-assembly
of coherent InGaN QDs with either low (less than 18% for growth on a GaN tem-
plate [Adelmann et al., 2000]) or high (approximately 50% for growth on a GaN tem-
plate, for QD diameters exceeding 3 nm [Figge et al., 2011]) InN mole fraction. The
primary morphological limitation of the SK growth mode is the unavoidable forma-
tion of a wetting layer, as the ostensibly zero-dimensional QDs are thus superimposed
on an adjacent two-dimensional structure within the potential barrier. Finally, the
growth kinetics are not yet fully understood. The relationship between the chemical
potentials of the QD and template layers which drives the morphological evolution is
dynamic and complex [Tsao, 1992], and the definitive QD characteristics (e.g. alloy
composition, wetting layer thickness, strain distribution, size, inter-dot spacing) are
difficult to decouple from one another. Such limitations motivate the exploration
of alternative growth techniques with greater flexibility and increased compositional
range.
1.4.2 Current state of InGaN solar cells
The most significant difficulty hindering the development of high efficiency InGaN
cells is the balancing of transparency loss in low In-content alloys with poor crystalline
quality in higher In-content alloys [Bhuiyan et al., 2012]. This is a clear dilemma,
as change in the InN mole fraction will alleviate one source of loss at the expense of
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the other. Ultimately, the practical realization of InGaN solar cells with very high
conversion efficiencies is dependent on the development of high quality In-rich InGaN.
The major materials issues of InGaN PV cells are illustrated schematically in Figure
1·8 [Bhuiyan et al., 2012].
Figure 1·8: The major challenges of fabricating high efficiency InGaN
solar cells [Bhuiyan et al., 2012].
Several processes have been used to enhance the EQE of InGaN solar cells. These
include surface roughening and nanopatterning for decreased reflection losses at the
surface, metal coating of the backside to reflect unabsorbed light back towards the
active region, and deposition of indium tin oxide (ITO) as a conductive transparent
layer to reduce p-type contact resistances [Farrell et al., 2013,Bai et al., 2014, Liou,
2011]. Das et al reported significant improvements in VOC after annealing in a 550◦
CO2 environment [Das et al., 2013]. They attributed this result to the increased
screening of the polarization-induced charge at the InGaN/p-GaN interface, caused
by an increased activation of Mg-acceptors in the p-GaN layer.
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Bor Wen Liou reported the highest ever conversion efficiency for InGaN solar
cells - 5.95% [Liou, 2011]. The solar cells were based on a p-i-n junction with In-
GaN/GaN MQW active region, grown via MOCVD on a SiCN/Si(111) substrate.
The SiCN buffer layer was grown on Si(111) via rapid thermal chemical vapor depo-
sition (RTCVD), and it was thought that the buffer layer lattice mismatch with GaN
was superior to that of a plain Si(111) substrate. The n-type layers consisted of the
n-Si substrate, n-SiCN buffer, n-GaN, and n+-InGaN in order from bottom to top.
The p-type layers consisted of p-InGaN and p-GaN in order from bottom to top. The
p-GaN layer was roughened via KOH solution and coated with ITO, and the backside
was coated with Ag which served as both the n-type contact and the back reflector.
Ni/Au ohmic p-type contacts were deposited on the ITO.
There are several elements of Liou’s design that are well suited to the development
of high efficiency InGaN solar cells. The MQW-based active region maintains high
crystalline quality, as the InGaN QW layers are very thin and below the critical
thickness for relaxation via defect formation. The highly conductive nature of the
Si substrate allows for the Ag n-type contact to be deposited directly and fully on
the substrate backside, which facilitates current spreading, makes the standard mesa
etching step unnecessary, and takes advantage of the excellent reflective properties of
AG as a back reflector of unabsorbed visible light. The rough surface of the KOH-
etched p-GaN decreases reflection losses at the surface. The ITO layer facilitates
the creation of low resistance p-type contacts. These design elements address many
problematic aspects of InGaN solar cells, namely crystalline quality, contact resistance
losses, and reflection losses. There is concern, however, as to the validity of Liou’s
results. The author previously reported InGaN solar cells of very similar design with
vastly superior (and in fact impossible, i.e. conversion efficiencies would exceed 100%)
characteristics in a paper in the Japanese Journal of Applied Physics which has since
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been redacted by the editorial board for serious experimental errors.
1.4.3 Current state of intermediate-band solar cells
Several groups have reported the development of prototype IBSCs based on ar-
senide QDs [Martí et al., 2006,Laghumavarapu et al., 2007,Hubbard et al., 2008,Os-
hima et al., 2008,Antolín et al., 2010]. Some of these devices demonstrated the ex-
pected increase in ISC due to the enabling of sub-bandgap absorption, however none
demonstrated the preservation of VOC necessary to attain high conversion efficiency.
The InGaAs material system is limited for PV applications, as it only covers a small
energy range from 0.43 (InAs) to 1.52 (GaAs) eV [Kittel, 2004]. As a result of this
limited energy range and the design constraints of the IBSC, the devices reported in
the literature had small CB offsets between the barrier and QD material, thus facili-
tating thermalization between the CB and IB. The thermal escape of electrons from
the IB to the CB continuum reduces the separation of quasi-Fermi levels between the
IB and CB, resulting in a reduction in VOC [Antolín et al., 2010].
The aforementioned studies of arsenide QD-based IBSCs provide information that
is valuable to the development of IBSCs based on QDs of any material system. It was
found that the use of strain compensation layers inserted into the barrier layers of the
active region consistently increased the ISC due to a periodic relief of accumulated
compressive strain that would otherwise be relieved through defect formation [Hub-
bard et al., 2008,Oshima et al., 2008]. The thickness of layers of barrier materials
between QD layers is another parameter that should be carefully tuned. A certain
thickness of such “spacers” is required to prevent tunneling-based loss of VOC [Luque
et al., 2012,Antolín et al., 2010]. Sufficiently thick spacers also maintain QD quality
in successive layers in the same manner as strain compensation layers. The drawback
to using thick spacers is a decreased density of QDs along the growth direction, and
thus less sub-bandgap absorption for a given depth of light propagation into the active
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region.
At the time of this writing, there is only a single report of a prototype IBSC
based on InGaN QDs [Sang et al., 2014]; due to its relevance, the article is analyzed
in depth. Sang et al reported the development of a prototype multilevel intermediate
band solar cell (MIBSC) based on three InGaN QD superlattices of differing compo-
sition and size. Such a device would, in theory, allow for a greater spectral range of
sub-bandgap absorption compared to the traditional single IB concept while further
minimizing energy losses. It has been calculated that the efficiency of a five band (in-
cluding three IBs) MIBSC can be as high as 73.1%, significantly higher than the 63%
maximum for single band IBSCs. As with the arsenide IBSCs previously discussed,
the device demonstrated increased short-circuit current density (JSC) and decreased
VOC compared to a reference cell without QDs. The JSC increased from 0.77 to 1.38
mA/cm2 while the VOC decreased from 1.3 to 0.7 V, ultimately resulting in a low η
of 0.46%. Such a conversion efficiency is comparable to many of the InGaN PV cells
reported in the literature [Bhuiyan et al., 2012], though far from state of the art and
suffering much greater VOC degradation than the majority. Two-photon-excitation
(TPE) was demonstrated experimentally, and it is claimed that the photocurrent
spectrum covers the widest range ever reported for an InGaN PV cell based on ho-
mojunctions or QWs. It is important to note that the reference cell, the structure
of which is only described in other articles [Sang et al., 2013, Sang et al., 2011], is a
homojunction. This makes a direct comparison between the devices misleading, es-
pecially when one considers that InGaN heterojunction and QW PV devices reported
in recent literature consistently outperform their homojunction counterparts due to
factors such as superior crystalline quality [Bhuiyan et al., 2012]. Furthermore, the
cathodoluminescence (CL) data indicates that the bandgap of the reference cell is sig-
nificantly larger, and thus is at a natural disadvantage when it comes to photocurrent
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generation from the standard AM1.5 solar spectrum.
Sang et al attributed the VOC degradation to a combination of imperfect InGaN
crystalline quality, tunneling between QDs, CB-IB and IB-IB recombinations, and
the IBs proximity to the CB of the host material. VOC degradation is prominent in
all InGaN-based PV cells because the high density of crystalline defects reduces the
shunt resistance [Bhuiyan et al., 2012]. The contribution of tunneling escape to the
VOC degradation was supported by z-contrast STEM images of the QD superlattices
(SL) shown in Figure 1·9. The superlattices had very short periods, and as such the
QDs were so closely spaced along the growth direction that electron tunnel escape
could have potentially short-circuited the IB-CB. The energy offset between the CB
of the barrier material and the first electron-confined energy level in the uppermost IB
was approximately 0.27 eV, an order of magnitude above the RT thermal energy (i.e.
kT = 0.025 eV). Despite the relatively large energy offset, the authors believed that
the absorption of the abundant thermal photons resulted in increased recombination
probability and thus contributed to the VOC degradation.
1.5 Organization of the dissertation
Chapter 2 discusses the experimental methods used for the growth of the nitride
materials in this work. In Chapter 3, the various experimental methods related
to structural and optical characterization are discussed, with the exception of the
x-ray scattering techniques which are discussed more in-depth in Chapter 4. The
investigation of InGaN QD formation by SK method is discussed in Chapter 5. The
investigation of InGaN QD formation by DHE is discussed in Chapter 6. Chapter
7 summarizes the work and gives concluding remarks, and provides an outlook for
potential future work.
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Figure 1·9: STEM images of the strain-relieving layer and the three
QD superlattices in Sang et al’s InGaN QD MIB solar cell [Sang et al.,
2014].
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Chapter 2
EXPERIMENTAL METHODS:
MOLECULAR BEAM EPITAXY
This chapter discusses molecular beam epitaxy (MBE), an epitaxial growth method
that was used in this work. In MBE, crystalline thin films are formed as a result of
chemical reactions between constituent atoms evaporated onto a heated substrate by
effusion cells. The growth is performed under conditions of ultra high vacuum (UHV),
resulting in transportation of the evaporated species by molecular flow and reducing
incorporation of unwanted impurities into the resulting film. MBE is associated with
slow growth rates on the order of 1 Å/s, allowing for layer thicknesses to be controlled
on an atomic monolayer (ML) scale by means of simple mechanical shutters. Such
precise control over the deposition of atomic species makes molecular beam epitaxy
an ideal technique for the growth of quantum structures. MBE growth typically oc-
curs far from thermodynamic equilibrium, and is thus dominated by surface kinetic
processes such as adsorption, desorption, surface diffusion, and incorporation.
Real-time in-situ analysis of the film surface is performed by Reflection High En-
ergy Electron Diffraction (RHEED), a technique in which a beam of high energy
electrons strikes the sample surface at a grazing angle and produces a diffraction pat-
tern at certain azimuthal orientations. Due to the small incident angle of the electron
beam, the diffractive behavior is primarily dependent on the surface conditions of the
film, and can provide information on surface morphology, growth mode, growth rate,
and crystal structure. RHEED is typically performed with electron energies as high
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as 50 keV [Henini, 2012], however the Gen II in the WBSL is equipped with a electron
gun with a maximum accelerating potential of 10 keV.
The MBE equipment is discussed in Section 2.1. Section 2.2 discusses RHEED
and its utility for analysis of crystal phase. Section 2.3 discusses the calculation of real
atomic flux from beam equivalent pressure (BEP), which is vital to the development
of the QD growth techniques in Chapters 5 and 6.
2.1 MBE system
All samples in this work were grown in the Wide Bandgap Semiconductor Labo-
ratory (WBSL) by Varian Gen II MBE equipped with Ga, In, Al, Si, and Mg effusion
cells and Veeco UNI-bulb RF nitrogen plasma source. A schematic of the Gen II
growth chamber is shown in Figure 2·2 [Friel, 2005]. In addition to the growth cham-
ber, the Gen II has two sequential chambers preceding it for the purposes of substrate
preparation and minimizing the introduction of contaminants into the growth cham-
ber. Each chamber is isolated by gate valve, which is only opened for sample transfer
or when the Gen II must be vented for maintenance. Wafers are loaded/unloaded
from the entry chamber, which also features heating coils for out-gassing at 140 ◦C.
The buffer chamber contains a heating station for further out-gassing of a single wafer
up to 500 ◦C. Wafers are transfered between buffer and entry chambers by trolley,
which is manually manipulated by means of an external magnet, and transfered to
and from the trolley (e.g. onto the growth chamber substrate heater) by means of
magnetically coupled transfer rods. UHV conditions were maintained in the growth
and entry chambers by turbomolecular pumps, while the buffer chamber used an ion
pump.
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Figure 2·1: Varian Gen II MBE in the WBSL
Figure 2·2: Schematic of the MBE growth chamber [Friel, 2005].
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2.2 RHEED
The RHEED technique consists of a collimated beam of electrons striking a sam-
ple with a grazing angle of approximately 0.5-2.0◦, and scattering from the crystalline
surface to form a diffraction pattern on a fluorescent screen. The DeBroglie wave-
length can be calculated as a function of the electron gun accelerating voltage via the
relativistic expression
λ = h√
2m0eV
(
1 + eV2m0c2
) (2.1)
where h is Plank’s constant, m0 and e are the rest mass and charge of an electron
respectively, c is the speed of light in vacuum, and V is the accelerating potential.
In this work, the electron gun was typically operated with an accelerating potential
of V = 10 keV, which corresponds to a DeBroglie wavelength of λ = 0.122 Å. For
comparison, the in-plane lattice constants of AlN, GaN, and InN are 3.112, 3.189,
and 3.545 Å respectively [Vurgaftman and Meyer, 2003].
Constructive interference of the elastically diffracted electrons occurs when the
incident and diffracted wavevectors of magnitude |k| = 2pi
λ
differ by a reciprocal
lattice vector, a condition known as the Laue law [Henini, 2012]. Due to the grazing
incidence geometry, the electron penetration into an atomically smooth surface may
be as low as a few MLs. The reciprocal lattice, as probed by the electron beam,
thus takes the form of a 2D arrangement of reciprocal lattice rods, which extend
from the surface normal. In the case of atomically rough surfaces, the electrons are
able to penetrate through small bulk features, and a 3D reciprocal lattice is probed,
resulting in a transmission diffraction pattern. The Laue condition implies that for
any incident wavevector, the wavevectors of the diffracted beams are determined by
the intersection of the reciprocal lattice with the Ewald sphere, a geometric construct
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Figure 2·3: Schematic representation of the origin of spotty and
streaky RHEED patterns from atomically rough (top) and smooth (bot-
tom) crystalline surfaces respectively, in which the Ewald sphere inter-
acts with the corresponding reciprocal lattice. Source: [Henini, 2012]
of radius 2pi/λ. Both reciprocal lattice and Ewald sphere are broadened, the former by
lattice defects and vibrations and the latter by the electron beam energy spread, the
consequence of which is that the intersection occurs for finite rather than infinitesimal
volumes. The two scattering regimes are shown in Figure 2·3 [Henini, 2012].
It is typically desirable to achieve an atomically smooth surface morphology in
epitaxial growth, which produces a streaky RHEED pattern. However, as QD mor-
phology is 3D, the resulting transmission RHEED pattern is more descriptive of the
25
crystalline structure. This is particularly useful in materials such as the nitrides,
which can grow in both wurtzite and zinc blende phase [Pankove and Moustakas,
1999], as inspection of the RHEED pattern can differentiate between the phases.
Because RHEED transmission patterns show planar slices of reciprocal space, it is
worthwhile to introduce a basic mathematical description of the reciprocal lattice
itself and the scattering intensity associated with each point. These mathematics are
also relevant to the description of x-ray diffraction (XRD), and are thus discussed in
Section 4.1.
2.3 Determination of effusion fluxes
It is standard procedure for MBE users to routinely measure the beam equivalent
pressures (BEP) of the effusion cells via ion gauge for several temperature values,
and to fit the data to Arrhenius-type equations. From these equations, arbitrary
effusion cell temperatures can be converted to BEP, and vice-versa. However, the
BEP of a given effusion cell cannot be directly compared to that of another cell, as
the ionization efficiency varies for the different atomic species. Thus effusion cells
for different atomic species may have drastically different atomic fluxes for the same
BEP. This is highly problematic when accurate flux ratios are required, such as in
the case of InGaN growth under nitrogen-rich conditions.
As MBE growth occurs in the molecular flow gas regime, the kinetic theory of
gases applies and the incident atomic fluxes impinging onto the substrate surface are
given by a modified Hertz-Knudsen equation:
Fi = ci
Pi√
2pimikBTi
× 1.3328104 (2.2)
where ci is a coefficient that accounts for both the geometric relationship between
effusion cell and substrate and the ionization efficiency of the ion gauge for the species
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i, mi is the atomic mass in kg, Pi is the measured BEP in torr, Ti is the effusion cell
temperature in K, and kB is the Boltzmann constant in units of JK−1. Coefficient ci
is treated as constant for a given effusion cell without regard for the effect of vapor
temperature on ionization efficiency. The constant factor on the right side of equation
2.2 accounts for the unit conversions necessary for Fi to have units of cm−2s−1.
It is important to note why the equation is of any practical use, in light of the fact
that P as a function of T changes in response to the consumption or replenishment
of the source metal. The shifts in the temperature required to obtain a given BEP
are typically within a few degrees, and have little effect on the actual atomic flux.
Fi can also be determined by ex-situ thickness measurement via equation 2.3:
Fi =
ρid
t
(2.3)
where ρi is the atomic density, d is the metal film thickness, and t is the deposition
time. With Fi known, equation 2.2 can be solved for ci, allowing for the conversion
of BEP to atomic fluxes.
A low temperature In deposition on un-nitridated sapphire was performed by MBE
specifically for this reason. The In effusion cell temperature was 645 ◦C, corresponding
to a BEP of 5.38 × 10−7 torr. The substrate temperature was kept low at 65.2 ◦C
in order to ensure maximum sticking coefficient. The total deposition time was 2
hours. The cross sectional thickness and surface morphology of the In film were
investigated by SEM, as seen in Figures 2·4(a) and 2·4(b) respectively. Interestingly,
the film deposition appears to have proceeded by island growth mode, with some
areas seemingly devoid of any In coverage. It is also interesting that the smaller
islands exhibit hexagonal shape despite In having a tetragonal unit cell.
The average In film thickness was 332.3 nm with a standard deviation of 36.6 nm,
based on measurement of cross sectional thicknesses at several locations. Due to the
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(a) (b)
Figure 2·4: FESEM images of sample V3533 - In on Al2O3. (a) cross
section and (b) surface.
island growth mode of the indium, SEM surface images were analyzed to determine
the percent coverage of the substrate surface for later compensation in the atomic flux
calculation. First, the graphical editor GIMP 2 was used to identify the In islands
and color every individual pixel white, and color the individual pixels of the exposed
sapphire surface black. A program was then written in Python to count the numbers
of black and white pixels and calculate the surface coverage of the In. The In coverage
was determined to be 80%.
FIn was calculated to be 1.41×1014 cm−2s−1 via equation 2.3. The In cell temper-
ature was 645 ◦C, which corresponded to a BEP of 5.38× 10−7 torr. Plugging these
values into equation 2.2 found cIn = 242.26. This process was repeated for AlN grown
under stoichiometric conditions and GaN grown under nitrogen-rich conditions with
substrate temperatures sufficiently low to prevent desorption, finding cAl = 380.01
and cGa = 304.11. The active nitrogen flux is equal to the stoichiometric flux of Al
for AlN growth: 3.49× 1014 cm−2s−1.
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Chapter 3
EXPERIMENTAL METHODS:
CHARACTERIZATION
This chapter discusses several characterization techniques that were used in this
work. X-ray scattering techniques are notably omitted, and are instead deferred to
chapter 4 in order to provide more in-depth discussion. Another notable omission
is RHEED, which was instead discussed in chapter 2 due to its important role in
providing real-time in-situ analysis of the MBE growth conditions.
3.1 Characterization of morphology
3.1.1 Atomic force microscopy
Atomic force microscopy (AFM) is a form of scanning probe microscopy in which
a cantilever tip is rastered across the surface of a sample in order to measure local
properties. Movement of the tip or sample in the x, y, and z directions is controlled by
a piezoelectric tube scanner, which is illustrated in Figure 3·1 [Bellitto, 2012]. While
some AFMs support non-imaging measurement modes (e.g. surface magnetic fields
and conductivity), the technique is most commonly used to determine topography. As
a topographical characterization tool, it is possible to obtain sub-nm resolutions. In
this work, the AFM was operated exclusively in a topographical imaging mode known
as tapping mode, which consists of oscillating the cantilever at its resonance frequency.
The amplitude of oscillation is modified by interactions between the cantilever tip and
the sample surface, such as Van der Waals and electrostatic forces. This amplitude
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Figure 3·1: AFM scanner [Bellitto, 2012].
is measured by monitoring the deflection of a laser from the cantilever, and used as
feedback to maintain the probe at a fixed distance from the sample surface. The height
of the probe as it rasters thus gives a direct measurement of the sample topography,
while changes in amplitude and phase give complimentary information (e.g. variations
in elasticity, adhesion, and friction on the sample surface) of a qualitative nature.
AFM experiments were performed using a Bruker Dimension 3000, and the data
was analyzed in the software Gwyddion [Nečas and Klapetek, 2011]. Average inter-dot
spacings L were determined from the radial distances of maxima in either the radial
autocorrelation functions (ACF) or power spectral density functions (PSDF) of the
height data. Although both theoretically give the same information, the ACF is a
real-space function and the PSDF is a frequency-space function, and thus the former
provides better resolution for large period features whereas the latter is best suited
to small period features. Areal densities ρA were approximated as L−2. For the high
resolution work in section 6.4.3, AFM probes with 2 nm tip radius of curvature were
used for the evaluation of QD sizes, in order to minimize the effect of tip convolution.
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The individual QDs were identified and extracted from the height data background
by utilizing a combination of Otsu’s thresholding method [Otsu, 1975] and manual
methods. The lateral sizes were then approximated in the form of equivalent disc
radii (EDR) for statistical quantitative analysis.
3.1.2 Field emission scanning electron microscopy
Field emission scanning electron microscopy (FESEM) is a technique in which a
focused electron beam from a field emission gun (FEG) is rastered across a sample sur-
face, producing various signals related to the local topography and composition. The
specification of a FEG differentiates the technique from conventional scanning elec-
tron microscopy (SEM), which uses a thermionic emission source. FEG sources have
considerable advantages compared to thermonic emission sources, including increased
brightness, smaller beam spot size, the ability to function at very low accelerating
potentials, and exemption from the drift that results from the thermal deformation
of the thermionic source filament. Regardless of source, the operating principle be-
hind SEM is the same. Upon striking the sample surface, electrons from the electron
beam undergo a series of elastic and inelastic scattering events throughout a large
interaction volume, as shown in Figure 3·2. Electrons and electromagnetic waves of
varying energy that escape from the interaction volume through the sample surface
are picked up by various specialized detectors. The signals are typically used to form
spatially resolved images.
In this work, the FESEM experiments were performed using Zeiss Supra 40 and
55 microscopes. Conventional Everhardt-Thornley and In-Lens detectors were used
for collection of secondary electrons (SE), which are low energy (typically less than 50
eV) and ejected from the sample atoms due to inelastic scattering with the incident
beam. The SE1 electrons emit from the near-surface region of the sample, and thus
are used for topographical imaging, whereas the SE2 electrons are generated farther in
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Figure 3·2: Interaction of electron beam with the sample.
the interaction volume and contribute to noise in the signal. A Robinson Backscatter
Detector was used to collect backscattered electrons (BSE), which are primary elec-
trons from the incident beam that have undergone elastic scattering. The probability
of a primary electron backscattering from an atom increases with atomic number,
thus making the BSE signal sensitive to z-contrast. As with the SE signal, the BSE
signal consists of BSE1 and BSE2 components, the latter of which originates from
farther in the interaction volume and contributes to undesirable noise.
3.2 Characterization of structural properties
3.2.1 Transmission electron microscopy
Transmission electron microscopy (TEM) is a technique in which a parallel beam
of electrons transmits through an electron-transparent specimen, undergoing interac-
tions with the atoms of the specimen, and forms an image on a CCD camera. TEM
and its various modes are capable of in-depth microstructural analysis, however there
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are several limitations to the technique, including the complexity of its operation for
high resolution work, the destruction of samples required to form electron-transparent
specimens, and the local (rather than integral) nature of the technique. While the
acronym XTEM is frequently used for the study of cross-sectional specimens, no
plan-view specimens were prepared in this work. Therefore all (S)TEM specimens
discussed in Chapter 6 are cross-sections.
The (S)TEM experiments were performed in an FEI Tecnai Osiris microscope
using 200 kV accelerating voltage.
Scanning transmission electron microscopy
Scanning transmission electron microscopy (STEM) is a special mode of TEM in
which the electron beam is focused into a probe and rastered across the specimen
in a similar manner to SEM. Several specialized detectors are used in this mode in
order to collect complimentary signals simultaneously. The detectors used in this
work are illustrated in Figure 3·3 [Williams and Carter, 2009], and are located at
different angles from the sample backside normal due to the angular distribution of
the various signals. The three primary detectors in order of increasing angle are
the brightfield (BF), annular darkfield (ADF), and high annular angle dark field
(HAADF). BF signals are sensitive to mass-thickness and diffraction contrast, ADF
signals are sensitive to diffraction contrast, and HAADF signals are sensitive to z-
contrast. An additional detector for the collection of characteristic x-rays allows for
compositional analysis, described in section 3.2.2. While STEM mode has many
advantages over conventional TEM as an analytical tool, it also has the drawback
of comparatively slow imaging due to the rastering process. The rastering process is
also more likely to introduce localized charging and heating of the specimen, leading
to image distortion and possible modification of local morphologies. In particular,
the distribution of In in InGaN quantum structures is known to be susceptible to
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Figure 3·3: STEM detectors. Figure modified from [Williams and
Carter, 2009].
irradiation damage.
Specimen preparation
Specimens must be thinned to approximately 20 nm thickness in order to achieve
electron transparency. Such a process is complicated due to the difficulties in both
measuring the thickness and handling the fragile specimens. The “club sandwich” con-
figuration [Williams and Carter, 2009] was utilized in order to increase the specimen
yield. In this method, samples are cut into identical rectangular bars and attached to-
gether epilayer-to-epilayer with low temperature curing epoxy. These paired bars are
then cut widthwise into narrow slices for eventual specimen preparation by thinning
in the normal direction to the plane of the cross-section.
TEM specimens were prepared from the slices by conventional mechanical polish-
ing using an Allied High Tech Multiprep system, followed by low angle ion milling
at 4-5 keV accelerating voltages at liquid nitrogen temperatures using a Fischione
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Instruments TEM Mill 1050. The specimens were cleaned by Fischione 1020 plasma
cleaner prior to loading into the TEM.
3.2.2 Energy dispersive x-ray spectroscopy
Energy dispersive x-ray spectroscopy (EDS) is a compositional analysis technique
in which the inner-shell electrons of the atoms of a sample are ejected by an excitation
source, prompting the emission of characteristic x-rays when higher energy outer-shell
electrons fill the vacancy (shown in the illustration in Figure 3·4(a)). The excitation
source is typically a beam of high-energy charged particles such as electrons (e.g. from
an electron microscope) or hydrogen protons (e.g. from a particle accelerator). The
emitted x-rays have energies corresponding to the energy differences between the two
states involved in the transition, which are unique to each element. The x-rays are
detected and a spectrum of counts versus energy is produced, as shown in illustration
in Figure 3·4(b), which can be converted into a compositional distribution. The EDS
technique struggles with nanoscale features due to the background continuum (i.e.
Bremmstrahlung) in the x-ray spectrum, which can bury weaker characteristic x-ray
signals, as well a low signal to noise ratio due to the statistical nature of the x-ray
counting.
While the Zeiss Supra FESEM instruments described previously have EDS capa-
bilities, all of the EDS results discussed in this work were acquired by the FEI Technai
Osiris in STEM mode using a Super X EDX detector. Performing EDS by STEM
had several advantages, including a drastic reduction in the Bremstrahlung as a result
of the specimen thinning, and the ability to create compositional maps at nm reso-
lutions. The concentrations of constituent elements were determined quantitatively
using the Cliff-Lorimer technique [Williams and Carter, 2009].
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Figure 3·4: (a) Illustration of the electron scattering resulting in the
release of a characteristic x-ray. (b) Illustration of an EDS spectrum
and the relevant features.
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3.2.3 X-ray scattering techniques
Several x-ray techniques for structural characterization, including x-ray diffraction
(XRD) x-ray reflectivity (XRR), and grazing incidence small angle x-ray scattering
(GISAXS), were used in this work. They are deferred to Chapter 4 in order to provide
the appropriate amount of discussion.
3.3 Characterization of optical properties
3.3.1 Photoluminescence
Photoluminescence spectroscopy (PL) is a technique in which luminescence is in-
duced by photoexcitation in a sample. Typical PL experiments utilize a laser with
photon energy exceeding the bandgap of the sample in order to excite electrons from
the valence band to the conduction band. Excess energy is lost as the electrons relax
towards the band minima, thus only transitions from the lowest excited energy state
are observed. For bulk materials, PL can be used as a technique for compositional
analysis, but quantum structures require complimentary structural characterization
and modeling due to the effects of quantum confinement on the resulting Eigenener-
gies.
Photoluminescence experiments were performed using a continuous-wave 325 nm
He-Cd laser with bandpass filter as the excitation source. The luminescence emitted
from the sample was columnated and directed into an Acton Research monochrometer
with photomultiplier tube.
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Chapter 4
X-RAY SCATTERING
This chapter discusses the various x-ray scattering-based characterization tech-
niques that were used in this work: x-ray diffraction (XRD), x-ray reflectivity (XRR),
and grazing incidence small angle x-ray diffraction. These techniques provide integral,
non-destructive determination of the structural properties of crystalline materials in
a complimentary manner, which is shown in Table 4.1. A significant amount of de-
scription and mathematical rigor is necessary in order to provide the appropriate
background for these techniques, and is far beyond the scope of this writing. This
chapter instead seeks to combine short overviews of the techniques with sufficient
mathematics such that the analyses in Chapters 5 and 6 are physically intuitive to
the reader.
Table 4.1: The primary structural properties that are investigated
by a given x-ray scattering technique.
technique: XRD XRR GISAXS
investigates: thickness thickness lateral correlation
lattice parameter composition vertical correlation
lattice mismatch roughness nanoparticle size
composition density nanoparticle shape
strain porosity ordering
tilt
lateral structure
mosaicity
defect density
Section 4.1 discusses XRD from a basic reciprocal-space formalism. Section 4.2
discusses XRR and analytical techniques for extracting layer thicknesses. Section 4.3
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discusses GISAXS and a real-space model used for numerical calculation of nanos-
tructure geometries.
4.1 X-ray diffraction
XRD is an extremely versatile tool that can provide information such as the layer
composition, compositional fluctuations, defect density, interface roughness, crystal-
lite size, domain tilt, superlattice periodicity, and strain of a crystalline sample, by
measuring the intensities and angles of diffracted x-rays. The wavelength of an x-
ray is the same order of magnitude as the inter-atomic spacing in the crystalline
materials, thus facilitating the diffraction of the incident x-rays. XRD apparatuses
consist broadly of an x-ray source that provides a monochromatic beam with which
to strike the sample, a stage to manipulate the orientation of the sample, and a de-
tector that measures the scattered intensity. Typically in an experiment, the incident
beam angle, scattered beam angle, sample orientation, or some combination thereof
are incrementally modified in order to measure an intensity profile.
It is convenient to introduce the momentum transfer q = kf − ki, where kf
and ki are the scattered and incident wavevectors respectively with magnitude k0 =
2pi/λ. Confusingly, the momentum transfer is often called the scattering vector in the
literature and is sometimes denoted as Q or s, the latter of which drops the factor
of 2pi (i.e. q = 2pis) and is favored by crystallographers. The magnitude of q is
given by |q| = 2k0sin(θ) = (4pi/λ)sin(θ), where θ is the angle between the incident
or scattered wavevector and the set of crystal planes being probed.
The crystal structure is introduced as a real-space lattice of unit cells, in which
Rn are the lattice vectors and rj are the positions of the atoms with respect to any
particular lattice site [Als-Nielsen and McMorrow, 2011]. The position of any atom
in the crystal is thus given by Rn +rj. The scattering amplitude can be expressed as
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F crystal(q) =
UC structure factor︷ ︸︸ ︷∑
j
fj(q)eiq·rj
Lattice sum︷ ︸︸ ︷∑
n
eiq·Rn (4.1)
where the first term is the unit cell structure factor, in which each fj is the energy-
dependent atomic scattering factor of the atom located at rj, and the second term
is a sum over lattice sites. The lattice sum is of order unity unless the phase factors
satisfy the condition
q ·Rn = 2pi × integer (4.2)
in which case it is of order N, the number of unit cells. The solution to 4.2 is given
by the Laue condition for constructive interference,
q = Ghkil (4.3)
where Ghkil is a reciprocal lattice vector of the form Ghkil = ha∗1 + ka∗2 + la∗3, with
i = −1(h+ k). The reciprocal lattice basis vectors are defined as
a∗1 = 2pi
a2 × a3
a1 · (a2 × a3) , a
∗
2 = 2pi
a3 × a1
a1 · (a2 × a3) , a
∗
3 = 2pi
a1 × a2
a1 · (a2 × a3) (4.4)
where a1, a2, and a3 are the real-space basis vectors that define Rn. While the Laue
condition describes the points in reciprocal-space for which diffraction occurs, the
scattering intensity is proportional to the square-modulus of the unit cell structure
factor
I ∝ |Fhkil|2 (4.5)
where Fhkil is the unit cell structure factor from equation 4.1. Figure 4·1 illustrates the
relationship between the real-space crystal lattice, the reciprocal lattice, the incident
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Figure 4·1: Reciprocal space representation of diffraction from the
(1015) planes of wurtzite GaN.
and scattered wavevectors, and the momentum transfer in the context of diffraction
from the (1015) planes of a wurtzite crystal structure. The angle between the x-rays
and the sample surface are labeled ωi and ωf for the incident and scattered wavevec-
tors respectively, with τ corresponding to the angle between the probed crystal plane
and the sample surface. The missing points in the reciprocal lattice at (0001), (0003),
(0005) are a consequence of the unit cell structure factor, which has a value of 0 at
q = (000l) where l is odd.
All XRD experiments were performed with a Bruker D8 Discover diffractometer
with Cu source, Goebel mirror, .2 mm beam slit, and two-bounce Ge monochrometer
equipped on the beam side, and Pathfinder scintillation detector. The beam side
optical components resulted in a low angular divergence, monochromatic beam of
1.5405 Å Cu kα-1 radiation. The Pathfinder detector utilized a variable slit for scans
in which the scattering intensity was prioritized (e.g. reciprocal space maps) and a
three-bounce Ge analyzer crystal for high resolution scans.
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4.1.1 Approximating threading dislocation densities from rocking curves
Due to the heteroepitaxial growth of the materials in this work, the bulk morphol-
ogy is well described as that of a mosaic crystal, in which the distributions of relative
domain tilts and twists are broadened by the densities of screw and edge dislocations
respectively. These dislocation densities can be approximated as
ρs =
∆ω2s
4.35|bs|2 , ρe =
∆ω2e
4.35|be|2 (4.6)
in which ∆ωs and ∆ωe are the FWHM of the (0002) and (1012) reflections, and bs
and be are the Burger’s vectors of the screw and edge dislocations. The magnitudes of
the Burgers vectors are taken to be the perpendicular and in-plane lattice parameters
for screw and edge dislocations respectively.
4.2 X-ray reflectivity
X-ray reflectivity (XRR) is a technique that can provide information on layer
thickness, electron density profile, and interface roughness for thin films by analyzing
the intensity profile of specular reflection over a range of low incident angles. XRR
probes reciprocal-space along qz near the origin, thus investigating real-space length
scales significantly greater than the crystal lattice parameters. The interference due
to reflections at the layer interfaces results in intensity oscillations called Kiessig
fringes. For samples consisting of a single film layer of approximately 0.1-1000 nm
thickness atop a thick (e.g. micron-scale) template or substrate, the Kiessig fringes
have period ∆qz = 2pi/d were d is the layer thickness. XRR analysis of samples
consisting of multiple layers is more complicated, as the resulting intensity profile
generally exhibits beating. Electron density contrast influences the amplitude of the
Kiessig fringes, and the interface roughnesses influence the exponential decay of the
scattering intensity along qz. Due to the low incident angle of the x-ray beam, the
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Figure 4·2: Determination of GaN layer thickness for sample V3539
- GaN on AlN/Al2O3 template. (a) Specular XRR scan. The Kiessig
fringes are very tightly spaced, indicating that the thickness is near the
resolution limit for XRR with this instrumentation. (b) FFT showing
peaks at 196.133 and 257.6 nm, which indicate the layer thicknesses of
the GaN and AlN layers respectively.
technique is highly sensitive to the layers near the sample surface.
The XRR experiments were performed using the D8 Discover by first aligning to
the specular reflection while the incident angle exceeded the critical angle of the sam-
ple, and then performing a θ-2θ scan over the desired angular range. A representative
XRR scan for sample V3539 is shown in Figure 4·2(a), in which the tightly-spaced
Kiessig fringes are approximately at the resolution limit for the particular instrument
setup.
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4.2.1 Fast Fourier Transform
The Bruker software package DIFFRAC.LEPTOS is capable of calculating the
individual layer thicknesses of a sample by applying a fast fourier transform (FFT)
to the reflectivity data, without any regard for the sample structure. This method
is thus a model-independent alternative to rigorous methods such as Paratt’s recur-
sion formalism when thickness is the only important characteristic and a thorough
modeling is not necessary. Figure 4·2(b) shows the FFT of the specular XRR scan of
sample V3539. The sharp real-space peaks at 196.1 and 257.6 nm were found to be
consistent with the designed thicknesses of the GaN and AlN layers respectively.
4.3 Grazing incidence small angle x-ray scattering
GISAXS probes approximately 1-200 nm fluctuations in electron density at various
depths within a sample, which allows for the determination of QD sizes, shapes,
and spatial distributions. The integral and non-destructive nature of GISAXS, in
addition to its ability to study buried features, makes it an ideal complement to the
AFM and (S)TEM techniques that are more standard for QD characterization. The
experimental geometry is shown in Figure 4·3.
In Figure 4·3, ki and kf are the incident and scattered wavevectors, αi and αf
are the incident and out-of-plane exit angle, and 2θ is the azimuthal exit angle. The
scattering can be described in terms of the momentum transfer q = kf − ki, which
is a convenient notation for analysis. The momentum transfer is decomposed into qx,
qy, and qz components that are functions of the angular coordinates [Renaud et al.,
2009]:
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Figure 4·3: GISAXS geometry.
qx = k0[cos(2θ)cos(αf )− cos(αi)]
qy = k0[sin(2θ)cos(αf )]
qz = k0[sin(αf ) + sin(αi)]
k0 = 2pi/λ
(4.7)
A representative GISAXS pattern is shown in Figure 4·4. Several important fea-
tures are identified. The specular spot, which occurs when αf = αi and 2θ = 0, is
caused by the specularly reflected x-ray beam. The intense vertical streak of intensity
is near-specular reflection, which occurs when q passes through the experimentally-
broadened tail of the specular rod. The correlation peaks correspond to lateral cor-
relations in electron density (e.g. mean inter-dot distance). The horizontal streak
along which the signal intensity is enhanced is the Yoneda wing, which occurs when
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Figure 4·4: Annotated GISAXS pattern from sample V3613 with
αi = 0.5◦. The highlighted features are described in the text.
αf is equal to the critical angle of the film.
GISAXS experiments were performed using a Bruker N8 Horizon with λ = 0.15418
nm micro-focus x-ray source and 2D MikroGap area detector under low vacuum
conditions. The major advantage of an area detector over a 1D linear detector is
that all values of αf are collected simultaneously, rather than a single value at which
the detector must be set. Certain analyses which would otherwise require multiple
experiments can thus be performed in a single run, such as determining the angle of
QD sidewall by comparing intensity profile linecuts along qy for a few values of qz.
In this work, GISAXS data was analyzed primarily using the Born approximation,
in which scattering interactions with the template/substrate are ignored. The scat-
tering intensity is described as a coherent term plus an incoherent term, the latter of
which is present when the nanostructure size distribution is not monodisperse [Re-
naud et al., 2009]. The coherent term is the product of the square modulus of the
nanostructure form factor F (q), which is the Fourier transform of the nanostructure
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shape function, with the interference function S(q), which is the Fourier transform of
the pair correlation function of the nanostructure spatial distribution. The incoherent
term is difficult to evaluate analytically, and is often treated in the limits of either
full or zero correlation between nanostructure geometry and location. The incoherent
term was typically ignored in this work, leading to the following approximation of the
scattering intensity:
I ∝ |F (q)|2 × S(q) (4.8)
4.3.1 Real-space scattering model
While ideally quantitative descriptions of the nanostructures can be directly ob-
tained via analytical solution, this requires a known shape and highly resolved form
factor features in the scattering profile. Even with the shape established, a combina-
tion of instrumental limitations (e.g. weak source intensity compared to a synchrotron
and significant parasitic near-specular reflection in the region of interest) and sam-
ple morphology (e.g. rough substrate and size polydispersity of nanostructures) can
wash out or obscure the characteristic form factor fringes that are necessary for such
calculations. Fourier analysis of the reciprocal-space data allows for numerical calcu-
lation of the mean size and shape of the nanostructures in real-space. In this work,
a real-space scattering model was developed for such analysis. Similar models were
previously demonstrated in the literature for both inorganic thin film QDs [Stangl
et al., 1999] and organic thin film island growth [Frank et al., 2014].
The model is derived from a kinematical approximation of scattering from N
identical 3D objects arranged in a 2D plane (i.e. the Yoneda term and the refraction
correction of the momentum transfer are ignored, unlike in the semi-kinematical ap-
proximation). Both q and the position vector r are decomposed into in-plane and z
coordinates [Frank et al., 2014]:
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q =
[
q‖
qz
]
, r =
[
r‖
z
]
(4.9)
Equation 4.8 is thus rewritten as:
I(q‖, qz) ∝ |F (q‖, qz)|2G‖(q‖) (4.10)
where the form factor F (q‖, qz) is the Fourier transform of the shape function Ω(r‖, z)
and G‖(q‖) =
〈 ∑
m,n
e−iq(r‖m−r‖n)
〉
is the lateral geometrical factor of the scattering
objects [Pietsch et al., 2004]. The shape function Ω(r‖, z) is equal to unity inside and
zero outside the shape volume.
The pair correlation function is introduced as p(r‖) = w(r‖) − n, in which n is
the area density of the QDs and w(r‖) is the probability of finding a QD at point
r‖ under the condition that the origin (0, 0) is occupied by another QD. For a pair
correlation function p(r‖) which is dependent on distance |r‖| but not direction, the
lateral geometrical factor is
G‖(q‖) = N [1 + 4pi2nδ(2)(q‖) + 2pi
∞∫
0
r‖p(r‖)J0(q‖r‖) dr] (4.11)
where J0 is the Bessel function of the zeroth order [Pietsch et al., 2004]. The second
term relates to the coherent crystal truncation rod, and will be ignored as it is not
resolved by the measured diffuse scattering intensity. The third term is the Hankel
transform of the pair correlation function. The diffuse scattering intensity distribution
can be described as a function of real-space r‖ and reciprocal-space qz by performing
an in-plane 2D Fourier transform of Equation 4.10. Under the assumption of in-plane
circular symmetry of the shape function, the 2D Fourier transform is given in the
form of a Hankel transform, and by utilizing the linearity and modulation properties
yields
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IHT (r‖, qz) ∝ N [Φ(r‖) + Φ(r‖)⊗ p(r‖)] (4.12)
where IHT (r‖, qz) is the in-plane Hankel transform of the reciprocal-space intensity
distribution, Φ(r‖) = (FTzΩ(r‖, z))⊗ (FTzΩ(r‖, z))∗, FTz is the Fourier transform in
the z direction, ⊗ indicates in-plane 2D convolution, and ∗ indicates complex conju-
gation. The average QD size and shape can be determined by analyzing IHT at small
values of r‖ where the first term is expected to dominate, yielding the approximation
IHT (r‖, qz) ∝ NΦ(r‖, qz) (small r‖) (4.13)
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Chapter 5
INGAN QUANTUM DOTS BY
STRANSKI-KRASTANOV
This chapter discusses development of InGaN QD formation by the SK growth
mode. The results and analyses are organized by structure type: SQD layers on n-
GaN, MQD layers on GaN, and p-i-n structures containing QDs embedded within the
intrinsic region. The growth conditions were intentionally selected for In-rich compo-
sitions despite the known issues of dislocation formation and phase separation, as one
of the major motivations for developing InGaN QD growth by DHE is the potentially
increased accessibility of the compositional range. The work in this chapter therefore
motivates the next, in which DHE is investigated.
Section 5.1 introduces and describes the proposed Stranski-Krastanov growth
model for all of the samples in the chapter. Section 5.2 discusses the growth of
single-layer InGaN QDs on n-GaN and GaN templates, with a focus on morphology
and the investigation of phase separation. Section 5.3 discusses the growth of multi-
layer InGaN MQD samples on n-GaN and GaN templates, with a focus on evaluating
the optical activity. Section 5.4 discusses the growth of a p-i-n junction containing
an InGaN/GaN MQD active region, and explores the optical and electrical properties
that are relevant to the development of photovoltaic devices.
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5.1 Growth of InGaN QDs by Stranski-Krastanov method
Figure 5·1 shows the proposed Stranski-Krastanov growth model for the InGaN
QD samples discussed in this chapter. The illustration of each stage is juxtaposed
with a representative RHEED pattern that was observed with the electron beam is
aligned along the GaN template [1120] direction. Figure 5·1(a) shows the initial GaN
template, which exhibits a sharp, streaky pattern with 2x reconstruction consistent
with a Ga-polar surface. As shown in Figure 5·1(b), the InGaN layer initially pro-
ceeds in a 2D layer-by-layer growth mode under compressive strain, during which the
RHEED remains streaky but broadened and the reconstruction vanishes. In Figure
5·1(c), the InGaN thickness has exceeded a critical value, upon which the accumu-
lated strain energy is relieved through a transition to a 3D island growth mode, and a
transmission RHEED pattern consistent with the Wurtzite crystal phase is observed.
The QDs continue to ripen in vacuum after the deposition has completed, as shown
in 5·1(d), during which the transmission RHEED pattern becomes brighter and more
pronounced. This ripening process involves the consumption of nearby material (e.g.
smaller QDs or the wetting layer). The ripening process was enhanced by increasing
the substrate temperature. In order to protect uncapped SQD samples from loss
of In via decomposition of the InGaN, the substrate temperature was immediately
decreased below 150 ◦C upon completion of the ripening process. All growths were
performed under nitrogen-rich conditions, as metal-rich growth is known to suppress
the 2D-3D growth transition [Henini, 2008]. For the majority of samples, the InGaN
film was lightly doped with Si due to its known anti-surfactant properties [Hirayama
et al., 1999], which promotes a resulting 3D morphology.
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Figure 5·1: Illustration of the stages of growth of InGaN QDs by
SK mode. Each stage of growth is juxtaposed with the corresponding
RHEED pattern observed, with the electron beam aligned along the
GaN template [1120] direction. (a) The initial GaN template, with
streaky pattern and 2x reconstruction. (b) InGaN grows under com-
pressive strain with a 2D morphology, during which the RHEED streaks
broaden and the reconstruction vanishes. (c) Upon exceeding a critical
thickness, the InGaN growth transitions from 2D to 3D, and a transmis-
sion RHEED pattern appears. (d) After deposition has ended, InGaN
QDs continue to ripen in vacuum by consuming nearby material (e.g.
smaller adjacent QDs), during which the transmission RHEED pattern
brightens and becomes more pronounced.
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Figure 5·2: Sample schematic for InGaN SQD samples grown on
Ostendo n-GaN templates.
5.2 InGaN SQDs on n-GaN
A series of InGaN QD samples was grown on 10 µm thick commercial n-GaN/Al2O3
templates from Ostendo, as seen in the structure schematic in Figure 5·2. The quality
of these templates was evaluated upon arrival by XRD, AFM, FESEM, and optical
microscopy. The dislocation densities were calculated from the [0002] and [1012] XRD
rocking curves shown in Figure 5·3 via Equation 4.6, yielding values of 1.3× 108 and
6.9×108 cm−2 respectively. Figure 5·4 shows the surface morphology of sample V3502
by FESEM and AFM, revealing a significant density of pits in the template surface.
Analysis of the AFM radial autocorrelation function determined the areal density
of pits to be approximately 1.4 × 109 cm−2. Equivalently, this corresponds to the
observed pits occurring every 266 nm.
All InGaN QD layers were grown using a Ga flux of FGa = 5.2 × 1013 cm−2s−1,
Si flux corresponding to an effusion cell temperature of 1190 ◦C, and a substrate
temperature of Tsub = 440 ◦C. In fluxes ranged from FIn = 3.6 × 1013 to FIn =
7.2×1013 cm−2s−1, annealing temperatures ranged from Tsub = 460 to Tsub = 550 ◦C,
and annealing durations ranged from tA = 2 to tA = 11 minutes. The anneal process
was observed to be vital to formation of distinct QD morphologies. A previous series
of samples, in which no annealing was performed and the substrate temperature was
reduced immediately upon completion of the InGaN deposition, failed to produce the
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Figure 5·3: XRD rocking curves for Ostendo n-GaN templates. (left)
GaN (0002) reflection, fit by a Gaussian function with FWHM of 0.07
degrees. This corresponds to a screw dislocation density of 1.3 × 108
cm−2. (right) GaN (1012) reflection, fit by a Gaussian function with
FWHM of 0.1 degrees. This corresponds to an edge dislocation density
of 6.9× 108 cm−2.
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Figure 5·4: Surface morphology of sample V3502, which consists of
a single layer of InGaN QDs on a significantly pitted Ostendo n-GaN
template. A high density of QDs in between large pits in the n-GaN
template is observed in both (a) FESEM in SE mode and (b) AFM.
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anneal temperature
deposition temperature
ramp-down
temperature
Figure 5·5: Calculated spinodal curves for InGaN alloys under various
degrees of compressive strain to GaN, published in [Figge et al., 2011].
Dashed lines indicate the deposition (440 ◦C) and annealing (520 ◦C)
temperatures used for the growth of most QD samples in this chapter.
The dotted vertical lines act as a guide to the evolving thermodynamic
stability during the growth of QDs with .49 and .65 nominal InN mole
fraction.
desired 3D QD morphology.
For the vast majority of the samples grown, FIn = 3.6× 1013, the annealing tem-
perature was Tsub = 520 ◦C, and the annealing duration was 5 minutes, while only the
deposition time tD varied. Therefore unless specified otherwise, the samples discussed
in this chapter should be assumed to utilize these growth parameters. Representative
paths through the phase diagram [Figge et al., 2011] during a typical growth are
indicated in Figure 5·5 for both extremes of InN mole fraction, assuming complete
incorporation of the constituent species. Upon considering the difference in the unit
cell volumes of InN and GaN, the two maximum and minimum values of In fluxes
explored yield nominal InN mole fractions of .49 and .65. The higher In composition
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InGaN material would thus fall within the spinodal curve during the entire growth
process regardless of strain, providing an interesting comparison with the lower In
composition QDs.
Due to the effects of AFM tip/surface convolution, the high areal density arrange-
ments of QDs were smeared together and difficult to resolve for subsequent image
segmentation. Thus AFM statistical quantitative analysis of the QD size distribution
was not possible for the vast majority of samples. An example of successful analy-
sis is shown Figure 5·6 for V3499, which consisted of 8 MLs of InGaN grown with
FIn = 3.6 × 1013 and annealed at Tsub = 520 ◦C for 5 minutes. Inspection of the
AFM topograph (Figure 5·6(a)) reveals a high areal density coverage of QDs with
monomodal size distribution, as well as the absence of large surface features from the
template with the exception of the pits. A representative linecut is shown in Figure
5·6(b), from which the QDs are observed to be approximately 1 nm in height and
spaced 30 nm apart (i.e. areal density of 1.1×1011 cm−2) with significant uniformity.
Segmentation of the data by watershed method was able to identify the QDs suffi-
ciently for extraction of the height distribution, but not the diameter. Figure 5·6(c)
shows the resulting QD height distribution, in which the mean value was observed to
be 1.4 nm.
Investigation of the radial PSDF of the height data provided statistical quantita-
tive analysis of the inter-dot spacing and areal density for the InGaN QDs of sample
V3499. A primary peak at 0.037 nm−1 is observed upon inspection of the radial
PSDF in Figure 5·7, which corresponds to a mean inter-dot distance of 27 nm and
areal density of 1.4 × 1011 cm−2. These values are consistent with those determined
from inspection of the linecuts.
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Figure 5·6: AFM data and analysis for sample V3499, which consisted
of a single layer of InGaN QDs on Ostendo n-GaN template. (a) Height
topograph in which the high areal density of QDs is observed. (b)
Representative linecut, in which the approximate QD height is observed
to be 1 nm, and the approximate inter-dot spacing is 30 nm, which
corresponds to an areal density of 1.1 × 1011 cm−2. The QDs appear
to be highly uniform. (c) QD height distribution after utilizing the
watershed method of data segmentation, in which the mean value was
observed to be 1.4 nm.
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Figure 5·7: PSDF of AFM height data for sample V3499. The
primary peak at 0.037 nm−1 indicates a mean inter-dot distance of 27
nm and areal density of 1.4× 1011 cm−2.
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Table 5.1: Representative samples for investigations of phase separa-
tion.
Sample FIn cm−2s−1 tD (s) Θ (MLs) TGaN (◦C)
V3487 3.6× 1013 420 37.6 N/A
V3497 7.2× 1013 300 38.5 N/A
V3502 3.6× 1013 60 5.3 N/A
V3505 3.6× 1013 90 8 520
V3551 3.6× 1013 60 5.3 580
5.2.1 Phase separation
A series of samples were grown across a range of InGaN coverages in order to inves-
tigate phase separation. Several of these samples utilized coverages beyond practical
limits (e.g. for V3487 Θ = 37.6 MLs), for the sake of comparison with the thinner
InGaN layers. An additional sample, V3497, was grown with increased In flux. The
growth parameters for several representative samples are tabulated in the first part
of Table 5.1, and the relevant XRD data are shown in Figure 5·8. Inspection of the
XRD θ− 2θ scans revealed that all of the uncapped samples exhibit phase separation
resulting in In-rich and In-poor InGaN phases. A weak peak at 2θ ≈ 33 consistent
with In droplets was also observed, except when completely obscured by the intense
InGaN (0002) peak in V3487. In the case of V3497, an additional broad In-rich In-
GaN peak is observed, but the In-poor and primary In-rich peaks appear at the same
approximate values as in the other samples.
Although phase separation within this parameter space was found to be unavoid-
able for SQDs, certain InGaN/GaN MQD samples were found to suppress the phe-
nomenon. This observation is discussed here for completeness, while discussion of
other properties of the MQD samples is deferred to the next section. The observed
phase stability is most likely due to the compressive strain induced by the GaN barri-
ers, which shifts the In-poor edge of the spinodal curve towards higher In compositions
and reduces the temperature ceiling of the curve, as well as the protection the GaN
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Figure 5·8: Comparison of XRD θ − 2θ scans for the samples listed
in Table 5.1. Only sample V3505 exhibits a suppression of the phase
separation.
matrix provides to the InGaN QDs against thermal decomposition within a certain
temperature range. The growth conditions of two respresentative MQD samples in
which the primary difference is GaN barrier growth temperature are tabulated in
the second part of Table 5.1. From their comparison in Figure 5·8, it is observed
that the growth of the GaN barriers at 520 ◦C (i.e. the same temperature as the
anneal) suppresses phase separation and thermal decomposition, while the higher
growth temperature of 580 ◦C does not. Furthermore, the lower temperature sample
exhibits superlattice satellite peaks, whereas the higher temperature sample shows
only bulk diffraction features. This is evidence that during the growth of the GaN
barrier layers at excessively high temperatures, the InGaN material intermixes with
the GaN, resulting in the loss of well-ordered superlattice periodicity.
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Figure 5·9: Sample schematic for InGaN MQD samples grown on
GaN.
5.3 InGaN MQDs on GaN
A series of InGaN/GaN MQDs were grown in order to investigate the optical
activity of the QDs. As discussed in the previous section, careful establishment of
the GaN barrier layer growth temperature was required in order to preserve the
InGaN QDs. The GaN barrier layers consisted of two parts - a thin GaN cap grown
under nitrogen-rich conditions and a thicker GaN layer grown either under Ga-rich
conditions or using migration-enhanced epitaxy in order to re-establish a smooth
surface morphology. The basic sample schematic is shown in Figure 5·9.
It has been reported in the literature that the growth of GaN on InGaN QDs can
smooth the 3D morphology [Pretorius et al., 2006], leading to quasi-QW morphology
rather than true QD morphology. In order to confirm the 3D morphology of the
InGaN layers, MQD samples were investigated by GISAXS due to its ability to probe
buried features. Linecuts along the Yoneda wing revealed the presence of correlation
peaks, indicating lateral fluctuations in electron density and thus confirming the 3D
morphology of the InGaN layer. A representative GISAXS pattern from V3614 is
shown in Figure 5·10. Figure 5·11 shows the linecuts that were taken horizontally
along qz = 1.05 and vertically along qy = 0.7 for the extraction of the mean lat-
eral inter-dot distance and superlattice periodicity respectively. The mean inter-dot
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Figure 5·10: GISAXS pattern for InGaN/GaN MQD sample V3614
taken with αi = 0.9◦.
Table 5.2: Representative samples for investigations of optical activ-
ity.
Sample FIn cm−2s−1 tD (s) Θ (MLs) TSi ( ◦C) TGaN ( ◦C)
V3505 3.6× 1013 90 8 1190 520
V3654 3.6× 1013 60 5.3 N/A 520
distance L was approximated as 2pi/qm in which qm corresponds to the correlation
peak, resulting in a value 16.9 nm for this particular sample. The corresponding areal
density ρ, approximated as 1/L2, is 3.5× 1011 cm−1. The thickness of a single period
(QD layer plus barrier) of the MQD structure is approximated as 2pi/∆qz, resulting
in a value of 8.5 nm. For comparison, the thickness of a single MQD period of the
designed structure was 8.86 nm, a difference of only 1.3 MLs.
5.3.1 Optical activity of InGaN QDs
Table 5.2 lists the growth parameters for representative samples for which analysis
of the PL spectra supports the investigation of QD optical properties. Sample V3505
consists of a 5 period MQD structure on Ostendo n-GaN, and V3654 consists of a
10 period MQD structure on MBE-grown GaN. Of these samples, only V3654 was
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Figure 5·11: GISAXS linecuts extracted from the pattern in Figure
5·10.
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grown without utilizing Si as an anti-surfactant.
The room temperature PL spectra for samples V3505 and V3654 are shown in
Figures 5·12 and 5·13 respectively. The emission peak for V3505 was observed at
419 nm (i.e. 3.0 eV) with a FWHM of 0.4 eV. In order to evaluate the quantum
confinement of the sample, the In composition of the InGaN QD layer was extracted
from the XRD θ − 2θ scan (shown in Figure 5·8) for both fully-strained and fully-
relaxed cases, from which minimal and maximal estimates of the InN mole fraction
are determined. The resulting compositional range, in which the InN mole fraction
is in between .19 and .31, has a theoretical bulk bandgap that ranges from 2.78 to
2.36 eV, which corresponds to a spectral range of 446.7 to 524.4 nm. The InGaN QD
emission at 419 nm is blueshifted from these values, which is qualitative evidence of
quantum confinement. V3654 was observed to emit at 405 nm despite being grown
with the same In flux and annealing conditions as V3505. The lower wavelength
emission is therefore attributed to a reduction in the QD size, as the InGaN layer was
grown with 5.3 MLs deposition compared to 8 MLs. However, as V3654 was grown
without Si, a direct comparison of the samples based on the amount of InGaN grown
cannot be made.
The importance of template quality is apparent upon comparison of the relative
intensities of the QD and bulk GaN emission. V3505, which was grown on the heavily
pitted Ostendo n-GaN template, exhibits InGaN QD emission which is comparable
in intensity to the bulk n-GaN emission. In contrast, V3654, for which the GaN
template was grown in the WBSL by MBE, exhibited InGaN QD emission with
intensity exceeding two orders of magnitudes greater than that of the bulk GaN
emission.
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Figure 5·12: Room temperature PL spectrum for V3505. The InGaN
QD emission peak at 419 nm is blueshifted compared to the theoret-
ical bandgap of InGaN alloys whose compositions could produce the
corresponding XRD data, which qualitatively demonstrates quantum
confinement in the QD layer.
Figure 5·13: Room temperature PL spectrum for V3654. The InGaN
QD emission peak at 405 nm is observed to exceed the bulk GaN peak
by more than two orders of magnitude.
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Figure 5·14: Schematic of sample V3599, an InGaN QD-based p-i-n
junction in which 10 periods of InGaN QDs are embedded within a
GaN matrix, which is sandwiched in between n-GaN and p-GaN.
5.4 InGaN MQD p-i-n junction
A p-i-n junction (sample V3599) in which the active region consisted of embedded
InGaN QDs within a GaN matrix was grown in order to explore the potential of
InGaN QD-based photovoltaics such as the intermediate-band solar cell. The sample
schematic is shown in Figure 5·14. The sample structure consisted of Ostendo n-GaN
template, 10 periods of InGaN/GaN QDs, and an approximately 200 nm p-GaN layer.
The InGaN QDs were grown with FIn = 3.6 × 1013 cm−2s−1, Si cell temperature of
TSi = 1190 ◦C, Θ = 8 MLs, annealing temperature TA = 520 ◦C, and annealing
duration of tA = 5 minutes. The GaN barriers were grown in the two-stage method
described in Section 5.3, with a total thickness of 10 nm. In-situ RHEED analysis
confirmed the 3D morphology of the QDs, as well as the re-establishment of a smooth
2D surface upon completion of the GaN barriers. RHEED patterns taken with the
electron beam in the GaN (1120) direction corresponding to the last InGaN QD layer
and the p-GaN layer are shown in Figures 5·15(a) and 5·15(b) respectively.
The wafer-level IV characteristic, shown in Figure 5·16, demonstrates rectifying
behavior with no apparent leakage current over the −15 to 15 V voltage range. Due to
the state of disrepair of the mercury arc lamp around the time of the sample growth,
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(a) (b)
Figure 5·15: V3599 RHEED patterns observed with the electron
beam aligned along the GaN template [1120] direction. (a) The last
InGaN QD layer upon completion of the annealing process, showing
transmission diffraction features consistent with the Wurtzite crys-
talline phase. (b) p-GaN, with streaky RHEED pattern indicating that
the Ga-rich growth has re-established a smooth 2D morphology.
no attempt was made to fabricate a full device for evaluation as a prototype solar
cell.
The absorbance spectrum and its first derivative with respect to energy are shown
in Figure 5·17(a) and 5·17(b) respectively. Figure 5·17(a) demonstrates the extension
of the absorption edge into sub-bandgap energies (relative to GaN) due to the inclu-
sion of the InGaN QDs. Upon application of a boxcar filter to reduce the prominence
of the interference fringes within the spectrum, a distinct change in lineshape is seen
at approximately 1.8 eV which corresponds to the onset of QD absorption. In Figure
5·17(b) after application of a boxcar filter, a distinct peak at 1.8 eV is observed in
agreement with the absorbance spectrum.
The combination of the observed sub-bandgap absorption and rectifying behavior
of the p-i-n sample, in addition to the observed optical activity of the MQD samples
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Figure 5·16: Wafer-level IV characteristic for V3599. The sam-
ple exhibits rectifying behavior, with no evidence of leakage current
throughout the voltage range.
by room temperature PL, suggests that V3599 and similar samples would demonstrate
increased photocurrent generation throughout the visible spectrum if fabricated into
full devices.
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(a)
(b)
Figure 5·17: (a) Absorbance and (b) first derivative of absorbance
with respect to energy for sample V3599. The absorption edge is ob-
served to be extended into sub-bandgap energies. The change in line-
shape in (a) which indicates the onset of QD absorption is supported
by the peak at 1.8 eV observed in (b).
68
Chapter 6
INGAN QUANTUM DOTS BY
DROPLET HETEROEPITAXY
This chapter discusses the development of droplet hetero-epitaxy as a method of
InGaN QD formation. The results and analyses are organized by structure type:
InGaN bulk films on AlN, InGaN SQD layers on AlN, and InGaN SQD layers on
GaN.
Section 6.1 provides relevant background to the DHE technique and introduces the
proposed growth model. Sections 6.2 and 6.3 discuss the growth of bulk InGaN films
on Al2O3 and AlN respectively, by first forming In-Ga mixtures and subsequently
inducing crystallization via exposure to active nitrogen, and issues of thermodynamic
stability in the InGaN versus In-Ga material systems. Section 6.4 discusses the growth
of InGaN QDs by DHE on AlN templates, and focuses on in-depth investigation of the
QD structural properties, as well as the difficulty of proper nanoscale characterization
for QDs of all material systems. Section 6.5 discusses the growth of InGaN QDs by
DHE on GaN templates, which is more relevant to the realization of devices than
the preceding work on AlN, but also prevents the effective employment of certain
characterization techniques.
6.1 Droplet Hetero-epitaxy
As described in Section 1.2, the DHE technique consists of depositing group III
material onto a substrate, leading to the formation of droplets due to surface tension,
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Figure 6·1: Phase diagram for the In-Ga material system [Anderson
and Ansara, 1991]. A stable liquid phase is observed to exist through-
out the entire compositional range about a relatively low temperature
threshold that is maximized at 156.6 ◦C for pure InN.
and subsequently supplying group V material in order to induce crystallization of
the droplets into QDs. The phase diagram in Figure 6·1 shows that In-Ga mixtures
throughout the entire compositional range are thermodynamically stable above a
relatively low temperature threshold. Therefore, it is expected that under optimized
growth conditions, nanodroplets can be formed with nominal compositions of Inx-
Ga1−x and crystallized into InxGa1−xN QDs upon exposure to active nitrogen.
Throughout this chapter, when describing the In-Ga coverages in terms of MLs,
the measurement is relative to the amount of metallic species required to form 1 ML
of 2D InGaN film.
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Figure 6·2: The stages of growth of InGaN QDs by DHE, juxta-
posed with the corresponding RHEED patterns in which the electron
beam is aligned along the AlN template [1120] direction. (a) The initial
AlN surface, with streaky pattern. (b) Simultaneous deposition of In
and Ga leads to the nucleation of In-Ga nanodroplets which continue
to grow due to impingement and adatom migration, during which the
pattern dims and disappears. (c) After the metal flux is discontin-
ued, nanodroplets continue to grow due to migration and coalescence.
(d) InGaN QDs are formed by exposing In-Ga nanodroplets to active
nitrogen, producing a transmission pattern..
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Figure 6·3: XRR and FFT for sample V3535 - partially nitridated
InGaN on Al2O3.
Figure 6·4: XRD for sample V3535 - partially nitridated InGaN on
Al2O3.
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6.2 Bulk InGaN on Al2O3 substrates
A bulk InGaN film (sample V3535) was grown on a nitridated Al2O3 substrate
as part of a preliminary investigation into the growth kinetics relevant to the DHE
method of InGaN QD formation. The substrate was nitridated under the same con-
ditions used for template growth, with the change in surface structure confirmed by
in-situ RHEED analysis. Approximately 175 MLs (equivalent to 47.2 nm thickness)
of combined In and Ga was deposited onto the substrate at 300 ◦C, with fluxes of
FIn = 1.4 × 1014 and FGa = 2.1 × 1014 cm−2s−1 respectively. After a 5 minute an-
neal at the same temperature, the sample was exposed to a limited amount of active
nitrogen, such that the III/V ratio of time-integrated fluxes was 3.2.
Figure 6·3 shows the XRR scan with inset FFT of the intensity profile. A single
prominent peak is observed in the FFT, corresponding to 12.2 nm, which is in rea-
sonable agreement with the expected thickness of the InGaN under the assumption of
complete incorporation of the active nitrogen flux. Figure 6·4 shows the XRD θ− 2θ
scan near the (0002) reflection. The three observed peaks at 33, 34.12, and 41.65, cor-
respond to In, compressively strained GaN, and the Al2O3 substrate respectively. An
additional feature in the form of a tail extending from the GaN (0002) peak towards
lower 2θ is consistent with InGaN. These observations are evidence that upon satu-
rating the In-Ga with active nitrogen, the Ga preferentially bonds with the nitrogen.
Such a result is expected due to the stronger Ga-N bond compared to the In-N bond.
It can be speculated that reduced In-Ga coverage or increased active nitrogen flux
would mitigate this problem to some degree by increasing the rate of crystallization
such that the metal species have less time to rearrange.
The resulting morphology is shown in the FESEM micrographs of Figure 6·5.
6·5(a) and 6·5(b) show that the uncrystallized In-Ga has coalesced into micron size
liquid deposits. The crystallized nitride material is shown at 20x and 100x magnifica-
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Figure 6·5: FESEM for sample V3535 - partially nitridated InGaN
on Al2O3.
tion in Figures 6·5(c) and 6·5(d) respectively. The film surface is observed to consist
of partially coalesced hexagonal islands approximately 100 nm in diameter.
6.3 Bulk InGaN on AlN templates
Table 6.1: Representative samples for discussion of bulk InGaN grown
on AlN by forming In-Ga deposits and subsequently introducing active
nitrogen.
Sample nominal InN mole fraction Θ (MLs)
V3541 .72 191.2
V3543 .36 39.7
V3548 .31 16.9
V3549 .31 16.9
V3550 .31 16.9
A series of bulk InGaN films was grown on AlN templates in a manner conceptu-
ally similar to DHE - liquid In-Ga mixtures were formed and subsequently exposed
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Figure 6·6: Schematic for InGaN bulk film on AlN.
to active nitrogen in order to induce crystallization into InGaN. Table 6.1 lists the
nominal InN mole fraction and metal coverage of several representative samples which
are discussed in this section. The initial samples were grown with the most In-Ga
coverage and thus the thickest InGaN upon exposure to active nitrogen. Subsequent
samples were grown with decreasing coverages. This served to facilitate understand-
ing of the coverage-dependent transition from bulk to QD morphologies, and helped
develop the characterization methods, as the samples became incrementally difficult
to study. The structure schematic is shown in Figure 6·6.
V3541 was grown by depositing 188.5 MLs (equivalent to 50.9 nm thickness) of In-
Ga onto AlN at 300 ◦C, annealing for 5 minutes at the same temperature, and exposing
the sample to active nitrogen for a duration such that the ratio of time-integrated
III/V fluxes was 0.29. The nominal In composition based on the coverage of each
constituent metal was 0.7241. Figure 6·7 shows FESEM micrographs in both SE
and BSE mode, revealing a meander morphology superimposed with island features.
Comparison of 6·7(a) and 6·7(b), in which the BSE micrograph resolves a series of
dark patches and bright spots, shows evidence of phase separation in the InGaN
film. As the BSE signal intensity scales with z-number, the dark patches presumably
correspond to Ga-rich regions hundreds of nanometers in length, while the bright spots
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Figure 6·7: FESEM micrographs for V3541 using both SE and BSE
modes. (a) SE mode at 20 kx magnification. (b) BSE mode at 20
kx magnification. (c) SE mode 100 kx magnification. (d) BSE mode
at 100 kx magnification. Both SE and BSE modes show a meander
morphology with small islands superimposed on the surface. The BSE
mode images show enhanced contrast compared to the SE mode, with
three distinct features: a light gray background, dark patches hundreds
of nanometers in size, and small white spots on the order of 10 nm
in diameter. Due to the BSE signal intensity scaling with z-number,
it can be inferred that the dark patches are Ga-rich regions and the
white spots are In rich regions, whereas the gray background is InGaN
with an intermediate composition. The correlation between SE and
BSE micrographs suggests that the Ga-rich regions have no distinct
morphology compared to the intermediate-composition InGaN, and the
small islands are In-rich.
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Figure 6·8: XRD reciprocal space map of sample V3541 near the GaN
(0002) reflection. An intensity profile corresponding to the on-axis (i.e.
∆ω = 0) θ − 2θ scan is shown above.
indicate smaller regions of increased In content. Comparison of Figures 6·7(c) and
6·7(d) finds the island-like features ( 10 nm in diameter) to correlate with increased
z-number, which is evidence that the islands are In-rich. A final observation is the
presence of random bright spots 40 nm in diameter, indicating that local regions of
increased In content with larger size than the islands.
An XRD reciprocal space map of the (0002) reflection for V3541 is shown in
Figure 6·8. The on-axis intensity profile (i.e. θ − 2θ) scan taken along ∆ω = 0 is
shown above the map. Distinct peaks are resolved for an In-rich phase, a Ga-rich
phase, and the AlN template, confirming phase separation of the InGaN. The broad
region in-between the two InGaN phases exhibits some weak peaks that are more
easily visualized in the 2D map than the 1D intensity profile. These may indicate
additional InGaN phases with inter-mediate compositions, or may be Pendellosung
fringes.
Sample V3543 was grown by depositing 40.5 MLs (equivalent to 10.9 nm thickness)
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Figure 6·9: FESEM and AFM image for V3543.
of In-Ga onto AlN at 300 ◦C, annealing for 5 minutes at the same temperature, and
exposing the sample to active nitrogen for a duration such that the ratio of time-
integrated III/V fluxes was 0.04. The nominal In composition based on the coverage
of each constituent metal was 0.36. The resulting morphology is shown in by FESEM
in SE mode and AFM in Figure 6·9(a) and 6·9(b) respectively. A meander plus
island morphology similar to that of sample V3541 is observed, with comparatively
less coalescence of the meandering structure.
Figure 6·10 shows the XRD θ−2θ scan for V3543 near the GaN (0002) reflection.
Distinct peaks for both In-rich and Ga-rich InGaN phases are observed, in addition
to the AlN peak.
Sample V3548 consists of an InGaN layer sandwiched between an underlying 100
nm GaN layer and 11.1 nm GaN cap, grown on AlN template. The InGaN layer was
formed by depositing 16.9 MLs (4.7 nm thickness) of In-Ga onto the GaN layer at
300 ◦C, annealing for 5 minutes at the same temperature, and exposing the sample
to active nitrogen for a duration such that the ratio of time-integrated III/V fluxes
was 0.72. The GaN cap was grown immediately upon completion of the InGaN layer,
with a III/V ratio of 0.58. Figure 6·11 shows FESEM SE mode micrographs, in which
the incomplete coalescence of the cap layer as well as an overall rough morphology is
observed. Figure 6·12 shows (left) the XRD θ − 2θ scan near the (0002) reflection.
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Figure 6·10: XRD θ−2θ scan for sample V3543 near the GaN (0002)
reflection. In-rich and Ga-rich InGaN phases are observed.
200 nm 100 nm
(a) (b)
Figure 6·11: FESEM SE mode micrographs for V3548.
Figure 6·12(right) shows the XRR scan, in which the presence of the GaN cap leads
to beating in the intensity oscillations.
The InGaN layer of sample V3549 was grown identically to that of V3548, but
directly on AlN template and without GaN cap. The sample morphology is shown by
FESEM SE mode micrographs in Figure 6·13. Inspection of Figure 6·13(a) reveals a
low density distribution of large 100 nm hexagonal islands present in a background
of tightly packed nanoscale domains. Figure 6·13(b) shows the domains to exhibit
cluster morphologies of approximately 20 nm in total diameter. The XRD θ − 2θ
scan, shown in Figure 6·14, failed to resolve distinct InGaN peaks, though a broad
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Figure 6·12: (left) XRD θ − 2θ scan for sample V3548 near the
GaN (0002) reflection. In-rich and Ga-rich InGaN phases are observed.
(right) XRR scan exhibiting beating due to the dual thicknesses of the
InGaN layer and GaN cap layer, fit by the Parratt recursion formalism.
The Kiessig fringe amplitude is significantly weaker than the modeled
result due to the 3D nature of the QD morphology.
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(a) (b)
Figure 6·13: FESEM SE mode micrographs for V3549.
intensity profile is observed to extend throughout the region of interest.
Sample V3550 was grown identically to V3549, but without the nitridation step,
in order to examine the metal coverage prior to crystallization. Figure 6·15 shows
FESEM SE mode micrographs of the surface morphology. Larger droplets of 50 nm
diameter are observed in close proximity to each other, with separate groups spaced
1 µm apart. The smaller mode of droplets form a nearly continuous distribution,
except in the immediate vicinity of the larger droplets.
Analysis of these samples demonstrates that bulk InGaN films cannot be grown
by nitridating liquid In-Ga mixtures without the onset of phase separation, at least
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Figure 6·14: XRD θ − 2θ scan for V3549 near the GaN (0002) re-
flection. No distinct InGaN peaks can be resolved due to the limited
thickness of the layer and the 3D morphology.
1 m 100 nm
(a) (b)
Figure 6·15: FESEM SE mode micrographs for V3550.
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within this parameter space. Based on FESEM micrographs in BSE mode, phase
separation is observed in at least two forms - large Ga-rich domains, and small In-
rich spots that frequently correlate with the islands observed on the overall meander
morphology. The low temperature nitrogen-rich GaN growth conditions, which were
used to prevent the accumulation of liquid Ga around the QDs, was found to be
unsuitable for reestablishing a smooth surface. Lastly, the In-Ga coverage is observed
to form droplets rather than a continuous coverage, with the quasi-2D morphologies
resulting from a decrease in aspect ratio (height/diameter) and subsequent coalescence
upon nitridation.
Additionally, the practicality of basic XRD analysis was seen to greatly diminish
for the thinner InGaN layers. Actual QD layers, which potentially combine small
heights and 3D morphologies with polydispersity in both size and composition, can be
expected to be problematic for characterization by laboratory-scale XRD techniques.
6.4 Single layer InGaN QDs on AlN templates
This section continues from 6.3, by extending the method of crystallizing liquid
In-Ga deposits to the formation of QDs. A series of InGaN QD samples were grown
by DHE, covering a large parameter space, and utilized for an in-depth investigation
of the QD structural properties. The QDs were grown on AlN templates rather than
the more closely lattice-matched GaN in order to minimize possible thermal etching
induced by liquid Ga coverage [Schoonmaker et al., 1965] and maximize electron
density contrast for the experiments. Although nitridated bare Al2O3 would satisfy
these criteria, the lattice mismatch with overlying InGaN film would be far greater
than that of InGaN grown on AlN templates, ranging from 16-29% [Morkoç, 2008,
Pankove and Moustakas, 1999], compared to 2.5-13.5% respectively.
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Figure 6·16: Schematic for InGaN SQD on AlN samples.
6.4.1 Description of sample growths
The AlN templates were grown on a single 2′′ c-plane Al2O3 wafer, which was
removed from the reactor and cut by dicing saw into 1 cm2 squares. These individual
template pieces were degreased with organic solvents, cleaned with a 1:1 HCl:DI wa-
ter solution, rinsed in DI water, blown dry with N2, and loaded back into the reactor
for subsequent QD growth. This served to minimize sample-to-sample variation of
starting conditions such as surface morphology and defect density that could poten-
tially influence the QD formation. The substrates were then degassed at 500 ◦C in
vacuum before transfer into the growth chamber, and exposed to multiple cycles of
Ga deposition and evaporation in order to remove remaining surface contamination.
The cleaning of the AlN surface was confirmed by comparison of the RHEED pattern
before and after the Ga desorption process, which showed a clear increase in sharp-
ness and intensity. The growth recipes for the AlN template and InGaN QDs are
described below.
The Al2O3 substrate was heated to 630 ◦C and nitridated for 1 hour, after which
an AlN nucleation layer was grown by migration-enhanced epitaxy technique. Ap-
proximately 2 µm of AlN were then grown at the same temperature under slightly
Al-rich conditions, with periodic interruptions of Al deposition in order to nitridate
the excess metal and prevent droplet formation. Two GaN interlayers of approxi-
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mately 3 nm thickness were grown after the first 500 nm and 1 µm of AlN growth
respectively, for the purpose of tilting the propagation direction of threading disloca-
tions [Nechaev et al., 2013]. The RHEED consistently showed an intense and sharp
pattern with 2x2 reconstruction in the [112¯0] azimuth upon consumption of the excess
Al, indicating smooth surface morphology.
The basic DHE recipe used to grow the InGaN QDs is broadly divided into two
stages - the formation of the In-Ga liquid nanodroplets, and their crystallization into
InGaN via exposure to active nitrogen. The proposed growth model is depicted in
Figure 6·2, in which the stages of growth are juxtaposed with corresponding RHEED
patterns in which the electron beam is aligned along the AlN template [1120] direc-
tion. The initial surface is a clean AlN template (Figure 6·2(a)). In and Ga are
deposited onto the AlN surface, forming In-Ga nanodroplets via impingement and
migration (Figure 6·2(b)). The RHEED pattern disappears at this stage due to the
coverage of amorphous material on the crystalline surface. The sample is annealed
at some temperature, where the nanodroplets continue to grow due to migration and
coalescence (Figure 6·2(c)). The In-Ga nanodroplets are then exposed to active ni-
trogen, crystallizing into InGaN QDs and producing a RHEED transmission pattern
(Figure 6·2(d)). Although much of the InGaN compositional range falls within the
spinodal curve at typical MBE growth temperatures [Ho and Stringfellow, 1996,Figge
et al., 2011], the crystallized InGaN QDs are expected to avoid phase separation due
to their limited size, as such alloy phenomena tend to manifest over significantly larger
length scales.
The influence of the initial In-Ga coverage Θ in monolayers (ML), total metal flux
FIn +FGa, nominal In content (based on flux ratio FIn/(FIn +FGa)), and nitridation
temperature TN were explored. The other growth parameters were consistent for every
sample: the deposition of In and Ga was performed at 300 ◦C in UHV conditions,
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Table 6.2: Growth parameters for InGaN QD samples. All deposition
of In and Ga was performed with a substrate temperature of 300 ◦C
Sample V3604 V3605 V3610 V3611 V3613 V3631 V3634
FIn/(FIn + FGa) .6 .6 .4 .4 .2 .6 .6
FIn + FGa (1014 cm−2s−1) 2.5 2.5 1.6 1.6 2.5 2.5 2.5
Θ (MLs) 7.5 5 7.5 5 7.5 7.5 7.5
TN (◦C) 300 300 300 300 300 450 500
a 5 minute growth interuption/anneal was performed at the nitridation temperature
before the nitrogen gas flow was established and the plasma activated, and the sample
was exposed to active nitrogen until a complete transformation of the RHEED to a
spotty pattern consistent with transmission features (i.e. 3D surface morphology)
was observed. The growth parameters are summarized in Table 6.2. The total metal
flux FIn + FGa in cm−2s−1 is also given, which was maintained at 2.5 × 1014 for all
samples except V3610 and V3611 for which the total flux was 1.6× 1014.
6.4.2 Analyses of QD crystalline phase by in-situ RHEED
All samples exhibited a similar evolution of the RHEED patterns throughout the
growth process. The initial patterns exhibited by the clean AlN templates were sharp
and streaky, indicative of a smooth 2D surface. During the deposition of In and Ga,
the AlN RHEED patterns quickly disappeared, which is consistent with a coverage
of amorphous material on the sample surface. During the nitridation of the In-Ga
nanodroplets, transmission diffraction from 3D surface features appeared within 30
seconds and gradually increased in intensity until completion. The RHEED patterns
from the resulting InGaN QDs were consistent with mixtures of wurtzite and zinc
blende phase.
Representative images in Figures 6·17(a) and 6·17(b) show RHEED patterns upon
complete nitridation of the QDs taken with incident beam along the AlN template
[1120] direction, in which the pattern is dominated by the zinc blende and wurtzite
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[1010]
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Figure 6·17: RHEED patterns with electron beam aligned along the
AlN [1120] direction and simulations of the corresponding InGaN zone
axis. Real diffraction maxima are highlighted with dotted red circles to
indicate consistency with the modeled result. (a) V3613 and simulation
of zinc blende [110] zone axis, with additional diffraction maxima indi-
cating that the zinc blende phase is twinned. (b) V3634 and simulation
of wurtzite [1120] zone axis, in which the spot color indicates relative
diffraction intensity as the square modulus of the unit cell structure
factor |F |2.
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Figure 6·18: RHEED intensity profiles along (0, 0) and (1, 0) recipro-
cal lattice rods for samples (a) V3604, (b) V3631, (c) V3634, (d) V3610,
(e) V3613, (f) V3611. It should be noted that these images are rotated
90◦ counterclockwise compared to the images in Figure 6·17 in order
to align the linecuts horizontally. Increasing the nitridation tempera-
ture is seen to promote the formation of new maxima along (1,0) that
coincide with the maxima along (0,0). This is evidence of increased
wurtzite crystallographic phase.
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phases respectively. The diffraction pattern are simulated, and the experimental
maxima in agreement with the simulations are identified by dotted circles. Figure
6·17(a) shows the RHEED pattern of V3613 compared to a simulation of the zinc
blende [110] zone axis. The presence of the additional diffraction maxima is consistent
with twinning in the crystal structure. Figure 6·17(b) shows the RHEED pattern of
V3634 compared to a simulation of the wurtzite [1120] zone axis. The colors of the
diffraction spots indicate the relative intensity (which is proportional to the square
modulus of the wurtzite unit cell structure factor F ).
The interplanar spacings for cubic and hexagonal close packed unit cells can be
calculated from dhkl = a/
√
h2 + k2 + l2 and 1/d2
hkil
= 4/3(h2 + hk + k2)/a2 + l2/c2
respectively. It is apparent that based on the observed crystallographic orientation
(i.e. zinc blende [110] and [111] parallel to wurtzite [1120] and [0001] respectively)
there is minimal lattice mismatch between the two phases. Using the lattice constants
from [Vurgaftman and Meyer, 2003], the calculated ratio d3030/d224 varies from 1.002
for GaN to 1.007 for InN. It is likely that this lack of significant lattice mismatch
facilitates the observed mixture of wurtzite and cubic phases.
Figure 6·18 shows the RHEED pattern with incident beam along the AlN [1120]
direction for several InGaN QD samples after completion of the nitridation process.
Linecuts of the intensity profiles were taken along the (00) and (10) streaks in the
[0001] direction, indicated by dashed and dotted lines respectively. In order to orient
the linecuts horizontally, the images are rotated 90◦ counterclockwise compared to
those in Figure 6·17. The solid vertical lines intersecting the intensity profiles are
aligned to the maxima of the (00) streak, and serve as visual aids. The RHEED
patterns and intensity profiles correspond to samples (a) V3604, (b) V3631, (c) V3634,
(d) V3610, (e) V3613, and (f) V3611.
Comparison of Figure 6·18(a), 6·18(b), and 6·18(c) shows the effect of utilizing
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Table 6.3: AFM data
Sample V3604 V3605 V3610 V3611 V3634
〈L〉 from ACF (nm) 27.3 24.3 39.7 50.7 150.1, 253.6
ρ from ACF (cm−2) 6.3× 1010 3.9× 1010 4.3, 1.6× 109
〈L〉 from PSDF (nm) 40.0 7.6 19.2
ρ from PSDF (cm−2) 6.3× 1010 1.7× 1012 2.7× 1011
R of large mode (nm) 12.9± 3.2 19.4± 1.2
H of large mode (nm) 5.0± 1.5
anneal/nitridation temperatures of TN = 300 ◦C, TN = 450 ◦C, and TN = 500 ◦C
respectively for FIn/(FIn + FGa) = .6, Θ = 7.5 ML, and FIn + FGa = 2.5 × 1014.
For TN = 300 ◦C the (10) streak minima are aligned with the (00) streak maxima,
for TN = 450 ◦C the (10) streak minima have flattened, and for TN = 500 ◦C they
have become weak maxima. This is evidence that as TN increases, the wurtzite phase
becomes more pronounced.
Comparison of Figure 6·18(a), 6·18(d), and 6·18(e) shows the effect of utilizing
metal flux ratios of FIn/(FIn+FGa) = .6, FIn/(FIn+FGa) = .4, and FIn/(FIn+FGa) =
.2 respectively for TN = 300 ◦C and Θ = 7.5 ML. As FIn/(FIn + FGa) decreases, the
maxima of the (10) streak split into distinct doublets. This is consistent with the
twinned zincblende phase becoming increasingly dominant as nominal In composition
decreases.
Comparison of Figure 6·18(f) and 6·18(d) shows the effect of utilizing initial In-
Ga coverages of Θ = 5 ML and Θ = 7.5 ML respectively for FIn/(FIn + FGa) = .4,
TN = 300 ◦C, and FIn + FGa = 1.6 × 1014. The maxima doublets of the (10) streak
are far more pronounced for the former, indicating that the twinned zincblende phase
is more dominant near the InGaN/AlN interface. The same phase transition with
increasing metal coverage was found in comparing V3604 and V3605.
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Figure 6·19: FESEM images of (a1)-(a3) V3611 taken in SE mode,
(a4) V3611 comparing SE and RBSD modes, (b1)-(b3) V3634 taken
in SE mode, (b4) V3634 comparing SE and RBSD modes. Inspection
of the micrographs across a range of magnifications shows V3611 to
exhibit a bimodal size distribution, whereas V3634 exhibits a trimodal
size distribution. The agreement between features in both SE and
RBSD modes qualitatively correlates sample topography with chemical
composition.
90
mode 1
mode 2
z 
(n
m
)
r (nm)
mode 1
mode 2
z 
(n
m
)
r (nm)
Figure 6·20: AFM data and analyses for small and large (mid-sized)
mode InGaN QDs of sample V3611 (V3634). (a1)-(a3) in the left col-
umn correspond to V3611 and (b1)-(b3) in the right column correspond
to V3634. (a1),(b1) AFM height data and linecuts showing two modes
of QD, labeled mode 1 and mode 2 respectively; (a2),(b2) height data
profiles corresponding to the linecuts; (a3),(b3) histograms showing
distribution of QD radii, fit by the sum of two log-normal functions.
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Figure 6·21: (a) AFM radial ACFs for V3604, V3605, V3610, V3611,
and V3634. (b) Illustration of the three inter-vertex lengths of a
hexagon, related by d2 =
√
3d1 and d3 = 2d1. The radial ACF maxima
for V3634 at r1 = 150.1 nm and r2 = 253.6 nm and the broad shoulder
overlapping r = 300 nm are observed to satisfy these relations.
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6.4.3 Analyses of QD morphology by FESEM and AFM
Inspection of the FESEM micrographs found bimodal and trimodal size distribu-
tions for the QDs grown with TN = 300 ◦C and TN ≥ 450 ◦C respectively. The large
(mid-sized) mode of the bimodal (trimodal) distribution was observed to exhibit a
clustered morphology that was most prominent for regions of high local areal density.
The association of clustering with high local areal density could be explained by the
decrease in aspect ratio (height/diameter) that was observed to occur when the nan-
odroplets are nitridated, as adjacent QDs broaden and can then make contact during
crystallization. Interestingly, the set of samples in which the initial metal coverage
was low (Θ = 5 MLs) and the set of samples for which TN ≥ 450 ◦C both show
evidence that the mid-sized and large mode QDs are not arranged in a completely
random manner, but rather exhibit certain degrees of hexagonal ordering.
Representative FESEM micrographs are shown in Figure 6·19. QDs formed with
low metal coverage are shown by the micrographs for V3611 in Figures 6·19(a1)-
6·19(a4). A bimodal size distribution is observed, with some degree of hexagonal
ordering for the larger mode. QDs formed with high nitridation temperature are
shown by the micrographs in Figures 6·19(b1)-6·19(b4), which correspond to V3634
(TN = 500 ◦C). The QDs are observed to follow a trimodal size distribution, with
the largest mode only visible at very large length scales. The mid-sized mode was
observed to exhibit a clustered morphology and degree of hexagonal ordering. SE
and RBSD modes are compared in Figure 6·19(a4) for V3611 and 6·19(b4) for V3634.
The agreement between the two modes qualitatively correlates the sample topography
with chemical composition.
AFM analyses also found the QDs to follow bimodal and trimodal size distribu-
tions in which the larger QDs were juxtaposed with a higher-density background of
smaller QDs. All modes were best fit by log-normal functions. The bimodal size
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distribution is consistent with the Family-Meakin[family-meakin physrevA] model of
the homogeneous nucleation and growth of liquid droplets, in which the formation
of the small and large modes is driven by spontaneous nucleation and coalescence
of droplets respectively. Such a result is expected, as the QDs are formed from the
crystallization of liquid nanodroplets. The results of the AFM analyses are listed in
Table 6.3.
The bimodal size distribution is readily apparent upon inspection of the height
data, which is shown for samples V3611 and V3634 in the left and right columns of
Figure 6·20 respectively. Figure 6·20(a1) and 6·20(a2) show AFM topographs with
overlain lines indicating the paths of linecuts. The height profiles along these linecuts,
which are labeled 1 and 2 to indicate correspondence to the small and large modes
respectively, are shown in Figure 6·20(b1) and 6·20(b2). Figure 6·20(c1) and 6·20(c2)
show the histograms of the QD radii fit by the sum of two log-normal functions.
From fitting the histograms of V3611 and V3634, we find the average radii of the
large mode QDs to be 12.9± 3.2 nm and 19.4± 1.2 nm respectively, and the average
height of the former to be 5.0± 1.5 nm. The average height could not be accurately
determined for V3634 on account of the low areal density of the dots and greater
variance compared to the distribution of radii, which resulted in a poorly resolved
distribution. The uncertainties in the size distributions correspond to the fits of
the log-normal functions rather than explicit experimental uncertainty. Statistical
quantitative analysis was not performed on the small mode QDs, as the Otsu method
and alternative algorithms (e.g. watershed) struggled with segmentation accuracy.
This can be attributed to the small diameters and inter-dot spacings of the QDs,
as well as convolution from the probe tip, as the resulting datasets are difficult for
the segmentation processes to handle compared to the case of large, well separated
features [Gonzalez and Woods, 2007].
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Figure 6·21(a) shows the radial ACFs for samples V3604, V3605, V3610, V3611,
and V3634. Comparison of the ACFs for V3604 and V3634 shows that as TN was
increased from 300 ◦C to 500 ◦C while maintaining the other growth parameters, the
inter-dot distance 〈L〉 shifted from 27.3 nm to two simultaneous values of 150.1 nm
and 253.6 nm. Interestingly, the two periods differ by a factor of approximately
√
3,
which is consistent with the ratio of the two smaller inter-vertex distances of a hexagon
shown in Figure 6·21(b). Thus V3634 may exhibit in-plane hexagonal ordering. It is
important to note that the third and largest inter-vertex distance is twice that of the
smallest, and as such cannot be distinguished from the second period of the latter in
the radial ACF. The observed temperature dependence on both ordering and inter-
dot spacing suggests a kinetic barrier, in which a combination of sufficient thermal
energy and time is required for surface migration of the adatoms and nanodroplets
into ordered configurations. The apparent hexagonal nature of the ordering could
be explained by either the presence of energetically favorable sites at AlN domain
boundaries (e.g. threading dislocations) or anisotropic diffusion channels (e.g. strain-
dependence of the diffusion barrier [Grandusky et al., 2009] combined with local strain
fields at coalesced grain boundaries [Hoffman, 1976]).
Comparison of V3604 (V3605) and V3610 (V3611) shows that 〈L〉 increased from
27.3 (24.3) nm to 39.7 (50.7) nm as FIn/(FIn+FGa) and FIn+FGa decreased from .6 to
.4 and 2.5×1014 to 1.6×1014 respectively, while Θ was maintained at 7.5 (5) MLs. The
correlation between inter-dot distance and total flux is consistent with classical nu-
cleation theory [Venables et al., 1984], in which 〈L〉−2 ∼ N ∝ F (i/(i+2.5)) exp(E/kT ),
where N is the droplet density, F is the flux, and i is the critical cluster size.
E = (Ei + iEd)/(i + 2.5), where Ei is the free energy difference between i atoms
in the adsorbed state and in a cluster and Ei is the diffusion energy respectively. The
influence of FIn/(FIn +FGa) is thus more complicated, as i and E have dependencies
95
Table 6.4: QD characteristics extracted from analysis of GISAXS data
taken with beam incident in the [112¯0] direction.
Sample V3604 V3605 V3610 V3611 V3613 V3631 V3634
〈L〉 from 2pi/qm (nm) 26.4 28.6 38.5 55.2 46.2〈L〉 from HT (nm) 23.2 27.4 33.4 53.2 42.0 22.4 21.7
ρ (1010 cm−2) 14 12 6.8 3.3 4.7
ρ from HT (1010 cm−2) 19 13 9.0 3.5 5.7 20 21
R (nm) 5.9 5.4 9.1 8.1 8.4 3.9 3.6
h (nm) 5.3 5.3 6.9 6.5 6.3 3.9 3.7
α (◦) 48.6 57.7 50.9 47.7 55.0 58.5 57.3
Table 6.5: QD characteristics extracted from analysis of GISAXS data
taken with beam incident in the [101¯0] direction.
Sample V3604 V3605 V3610 V3611 V3613 V3631 V3634
〈L〉 from 2pi/qm (nm) 26.6 27.1 38.8 58.8 46.9〈L〉 from HT (nm) 25.3 24.8 34.0 50.5 42.1 22.4
ρ (1010 cm−2) 14 14 6.6 2.9 4.6
ρ from HT (1010 cm−2) 16 16 8.7 3.9 5.6 20
R (nm) 5.9 5.5 8.1 8.5 8.8 4.0 4.2
h (nm) 5.2 5.9 6.6 6.4 6.3 3.9 4.1
α (◦) 46.7 52.3 54.4 48.3 53.0 57.5 53.9
on the adatom/nanodroplet atomic species and the underlying template.
6.4.4 Analyses of QD topography by GISAXS
GISAXS experiments were performed on all samples, with incident angles ranging
from αi = .5◦ to αi = .7◦. The selected incident angles exceed the critical angles of
InN, GaN, and AlN. 1D linecuts along in-plane momentum transfer q|| through the
Yoneda wing were extracted from the GISAXS patterns for analysis, as the signal
intensity is greatly enhanced[yoneda,singha]. The Yoneda wing occurs when the exit
angle is equal to the critical angle, i.e. αf = αc =
√
2δ above the sample horizon, in
which δ is the dispersion component of the complex refractive index of the material.
As a consequence of setting af 6= ai, |q||| approaches but does not equal zero at its
minimum, i.e. q does not intersect the specular rod. This can be seen by further
decomposing q|| into qx and qy components and observing that for 2θ = 0, qy = 0 but
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qx = k[cos(αf )− cos(αi)].
Determination of inter-dot spacing by reciprocal-space analysis
The extracted 1D linecuts with beam incident in the [112¯0] and [101¯0] directions
are shown in Figure 6·22(a) and 6·22(b) respectively. Downwards from the top and
offset for clarity, the linecuts correspond to V3604, V3605, V3610, V3611, V3613,
V3631, and V3634. Three distinct peaks are apparent in most of the linecuts. The
intense peak centered at q|| = 0 corresponds to the near-specular reflection, in which
the scattering vector passes through the tail of the specular rod. The two symmetric
peaks on each side of the near-specular peak, which we refer to as correlation peaks,
are related to the mean inter-dot distance via the interference function S(q||), which
is itself the Fourier transform of the pair correlation function of the QDs position [Re-
naud et al., 2009]. The average inter-dot distances are approximated as 〈L〉 = 2pi/qm,
where qm corresponds to the q|| value of the correlation peak maximum. The QD areal
densities are then approximated as ρ = 1/〈L〉2. These values are tabulated in Tables
6.4 and 6.5. It is important to remember that the intensity distribution is propor-
tional to the product of the square-modulus of the form factor with the interference
function (i.e. I = |F (q||)|2×S(q||)), and thus the observed intensity maxima may not
accurately describe the real inter-dot distances. For this reason, precise calculations
of correlation lengths require an appropriate model of the interference function [Re-
naud et al., 2009]. Such modeling is beyond the scope of this work. Furthermore,
features at particularly small values of q|| are superimposed with the near-specular
peak, resulting in potential underestimation of |qm|. Thus it can be assumed that the
real average inter-dot distances are less than the values calculated in this manner.
The correlation peaks of V3631 and V3634 were completely obscured by the near-
specular reflection, preventing any direct calculation of 〈L〉 from the reciprocal space
data.
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Figure 6·22: GISAXS linecuts with beam incident in the (a) [112¯0]
and (b) [101¯0] direction. The profiles are nearly identical for both di-
rections, indicating an isotropic distribution of the dominant scattering
objects which have in-plane circular symmetry. Symmetrical correla-
tion peaks are visible on each side of the intense near-specular peak for
most samples, but are completely obscured by the latter in the case of
samples with TN ≥ 450 ◦C.
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In V3604, V3605, V3610, V3611, and V3613 〈L〉 was found to be approximately
identical for both the [101¯0] and [112¯0] directions. This suggests a low or zero degree
of ordering for the dominant scattering objects. 〈L〉 was found to agree very well
with the values extracted from the AFM radial ACF, with the exception of V3611,
for which the calculated values both exceeded their AFM counterpart by over 10%.
Specifically, 〈L〉 was found to be 55.2 nm and 58.8 nm for the [101¯0] and [112¯0]
directions respectively, compared to 50.7 from the AFM radial ACF. As per the
discussion in the preceding paragraph, it is expected that the largest value of 〈L〉
calculated in this manner is also the least consistent with the AFM analysis.
Comparison of the linecuts for V3604 and V3613 shows the influence of the metal
flux ratio FIn/(FIn + FGa) on the resulting inter-dot spacing. 〈L〉 was observed
to increase from 26.4 (26.6) nm for FIn/(FIn + FGa) = .6 to 46.2 (46.9) nm for
FIn/(FIn+FGa) = .2, with incident beam direction of [1120] ([1120]). While the line-
cuts for V3610 were also in agreement with this inverse relationship between inter-dot
spacing and nominal In composition, the reduced total metal flux prevents a direct
comparison.
The influence of metal coverage Θ is shown by comparison of the linecuts of V3604
with V3605, and V3610 with V3611. In the case of the former, 〈L〉 was observed to
increase from 26.4 (26.6) nm to 28.6 (27.1) nm as Θ was reduced from 7.5 to 5 MLs,
with incident beam direction of [1120] ([1120]). In the latter case, the same reduction
in Θ resulted in an increase from 38.5 (38.8) nm to 55.2 (58.8) nm.
While ideally the QD sizes could be calculated from the q|| positions corresponding
to form factor maxima, (e.g. relating q||R to Airy function maxima in the case of
cylinders [Wang et al., 2007]) none of the GISAXS scans showed well resolved form
factor peaks appropriate for such analysis. This can be attributed to a combination
of QD size polydispersity, which washes out the characteristic form factor fringes,
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Figure 6·23: (a) Truncated cone shape function in simulation mesh,
(b) 2D autocorrelation, (c) comparison with the Hankel transform of
I = |F |2 calculated from the form factor.
and the low intensity of the x-ray source compared to radiation from a synchrotron
beamline, which results in a comparatively low signal to noise ratio.
Determination of QD geometric properties by real-space analysis
Due to the lack of clearly resolved form factor features for direct analysis, a real-
space scattering model based in small-angle scattering theory was utilized to deter-
mine the geometrical properties of the QDs. This method was previously demon-
strated by Stangl et al [Stangl et al., 1999] and Frank et al [Frank et al., 2014] for the
analysis of inorganic thin film QD and organic thin film island growth respectively.
In the model the scattered intensity results from a distribution of N identical 3D
shapes arranged in a 2D plane, without consideration of an underlying template or
substrate. The QD shapes are assumed to have in-plane circular symmetry, a sim-
plification of the true morphology shown by the AFM and FESEM analyses. More
in-depth description of the model is given in Section 4.3.1.
From Equation 4.12, a GISAXS linecut with known qz can be converted to a real-
space radial intensity distribution described primarily by the in-plane autocorrelation
of the QD shape function at small r|| and its convolution with the pair correlation
100
function at larger r||. In-depth analysis involving the pair correlation function is
beyond the scope of this work, thus the data are fit using the simplified Equation
4.13 restricted to small r||.
The model was implemented in the Python programming language, by construct-
ing a 2D simulation mesh within which 3D shape functions would be flattened into 2D
representations, and performing the 2D autocorrelation via the convolve2D function
from the SciPy [Jones et al., 2001] library. The flattening process consisted of slic-
ing the 3D shape function into a stack of in-plane circular cross-sections with phase
offsets of ei qz z assigned to each layer, in which z is the vertical distance above the
base corresponding to a given slice, and summing the resulting series of 2D complex
shape functions. In physical terms, parallel x-rays scattered from different z within
a QD are phase shifted relative to each other in accordance to the difference in path
length, which is dependent on qz and thus the incidence and exit angles αi and αf .
The shape and dimensions of the QDs were determined by fitting autocorrelations
of shape functions throughout a defined parameter space to the Hankel transform of
the GISAXS linecuts via Equation 4.13 and minimizing χ2 for goodness of fit. The
model is demonstrated in Figure 6·23, in which (a) a truncated cone shape function
is (b) convolved in-plane with itself (c) and produces a result identical to the Hankel
transform of I = |F |2. In this work we have fit IHT to three different shape functions:
cone, cylinder, and truncated sphere. Analyses of more complex shape functions (e.g.
accounting for clustering, localized wetting layers, hybrid shapes, etc.) is beyond the
scope of this work.
Three adjacent features appear in IHT : an intense peak centered at r|| = 0 nm, a
valley in which IHT usually decreases to negative values, and a weak peak centered at
some r|| > 20 nm. The primary peak profile corresponds to the mean size and shape
of the QDs, and the secondary peak location corresponds to the average inter-dot
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distance. The valley represents a decrease in the Φ(r||)⊗p(r||) term in 4.12 over some
r range. Negative values of p(r|| indicate that the probability of finding a neighboring
dot at r is less than that of a completely uncorrelated distribution.
Figure 6·24 shows IHT for (a1)-(a2) V3604, (b1)-(b2) V3605, (c1)-(c2) V3610,
(d1)-(d2) V3611, (e1)-(e2) V3613, (f1)-(f2) V3631, and (g1)-(g2) V3634 with incident
beam along the [1120] and [1010] directions. The insets show IHT fit by Φ(r||, qz) for
cylinder, cone, and truncated sphere shape functions for small r. The best fit was
consistently provided by the cone, while the worst fit was provided by the cylinder.
Expectedly, the inter-dot distances were observed to be slightly less than those previ-
ously calculated in reciprocal space as 2pi/qm. The cone inclination angle α, height h,
and radius R that provided the best fit are listed in Tables 6.4 and 6.5, along with the
observed inter-dot distances (labeled ’from HT’ to indicate the Hankel transform).
The extracted geometrical parameters and inter-dot distances were found to be sim-
ilar for both azimuths, supporting the initial assumption that the QD shapes and
arrangements are approximately isotropic in-plane. Comparison of the GISAXS data
with FESEM and AFM found the scattering to be dominated by the larger mode (of
a bimodal distribution) for samples with TN = 300 ◦C, and the smallest mode (of a
trimodal distribution) for samples with TN ≥ 450 ◦C. This could be explained by the
observed increase (decrease) in inter-dot distance (areal density) of the larger modes
with temperature, which is especially significant on account of the relatively short
coherence length which is limited by the instrumentation and the domain size of the
AlN template.
The influence of FIn/(FIn + FGa) is demonstrated by comparison of V3604 with
V3613. As FIn/(FIn + FGa) decreased from .6 to .2, all geometric parameters were
observed to increase.
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Figure 6·24: Hankel transform of the GISAXS linecuts fit with in-
plane autocorrelation of the following shape functions: cylinders, cones,
and truncated spheres. The left (1) and right (2) columns correspond to
an incident x-ray beam in the [112¯0] and [101¯0] directions respectively.
(a1,a2) V3604, (b1,b2) V3605, (c1,c2) V3610, (d1,d2) V3611, (e1,e2)
V3613, (f1,f2) V3631, (g1,g2) V3634
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Figure 6·25: Cross-sectional (S)TEM images of (a1)-(c1) V3610 and
(a2)-(c2) V3631. (a1) HAADF STEM image resolving the InGaN QD
layer and AlN template. A high areal density is observed. (b1),(c1)
BF TEM images, in which a clustered morphology is observed for the
QDs. Cross-sectional (S)TEM images of V3631. (a2) HAADF STEM
image resolving the InGaN QD layer, AlN template, and GaN inter-
layer. (b2),(c2) BF TEM images.
6.4.5 (S)TEM imaging and comparison with GISAXS
(S)TEM images of sample V3610 and V3631 are shown in Figures 6·25(a1)-(c1)
and 6·25(a2)-(c2) respectively. Figure 6·25(a1) shows a HAADF STEM image of
the InGaN QD layer and AlN template, in which the two layers are distinguished
from each other due to the z-contrast. Figures 6·25(b1) and 6·25(c1) show BF TEM
images at higher magnification. The QD sizes are found to be in agreement with
the GISAXS data. A clustered morphology is observed, in which the larger QDs
consist of multiple sub-islands. Figure 6·25(a2) shows a HAADF STEM image in
which individual InGaN QDs, the AlN template, and a GaN interlayer are resolved.
These z-contrast representations of the InGaN QDs correlate completely with the BF
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Figure 6·26: STEM mode images of sample V3605. From left to
right: HAADF, BF, Ga EDS map, In EDS map. The QD morphology
is observed to be clustered, and the Ga signal intensity is maximized
closer to the InGaN/AlN interface than the In signal.
TEM micrographs in Figures 6·25(b2) and 6·25(c2). The small mode QDs observed
in the BF TEM images are found to be consistent with the GISAXS data, whereas
the large mode QDs are consistent with the AFM data.
6.4.6 EDS mapping of QD composition
The compositional distributions within the QD layers of V3605, V3610, and V3631
were investigated by STEM, utilizing EDS to create spatially resolved compositional
maps. Quantification of the elemental compositions was performed using L-series x-
ray emission lines for Ga (1.098 keV) and In (3.285 keV) and K-series line for nitrogen
(0.392 keV). Stray emission peaks and the Bremmstrahlung radiation continuum ap-
pearing in the EDS spectra (e.g. from copper TEM grids) were deconvolved during
quantification.
Figure 6·26 shows HAADF, BF, Ga EDS map, and In EDS map STEM images
for sample V3605. A high areal density distribution of QDs of approximately 10 nm
diameter are observed in the HAADF and BF images. The EDS maps correlate with
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Figure 6·27: STEM mode images of sample V3610. From top to
bottom: BF, HAADF, In EDS map, Ga EDS map. There is clear
spatial correlation between QDs via BF and HAADF and the EDS
maps. The QDs appear to have pronounced In-rich clusters 2-3 nm in
size.
the HAADF and BF images. The Ga distribution is observed to be more concentrated
near the InGaN/AlN interface, while top of the InGaN layer is comparatively In-rich.
Figure 6·27 shows BF, HAADF, In EDS map, and Ga EDS map STEM images
for sample V3610. There is a clear correlation between the QDs in BF and HAADF
images and the EDS maps. Inspection of the EDS maps shows evidence of nonuniform
compositional distributions within the QDs, with 2-3 nm In-rich clusters.
Figure 6·28 shows BF, HAADF, In EDS map, and Ga EDS map STEM images for
sample V3631 focusing on a single mid-sized mode QD with 20 nm diameter. The In
signal is observed to be concentrated in the left side of the QD rather than uniformly
distributed throughout.
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Figure 6·28: STEM mode images of sample V3631. From top to
bottom: BF, HAADF, In EDS map, Ga EDS map. A single large
mode QD approximately 20 nm in diameter is well resolved by BF and
HAADF modes. The In signal is observed to nonuniform throughout
the QD, with maximized intensity on the left side of the QD.
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Figure 6·29: HRTEM images of sample V3605, courtesy of Alexey
Nikiforov. The atomic columns are visible throughout both InGaN QD
layer and AlN template. The AlN is observed to be wurtzite, while the
InGaN QDs exhibit mixed wurtzite and zinc blende phase.
6.4.7 HRTEM
The atomic lattice of sample V3605 was investigated by HRTEM. Figures 6·29(a)
and 6·29(b) show representative images at 930 kx and 410 kx magnification respec-
tively. The AlN template exhibited wurtzite phase, whereas the InGaN QDs exhib-
ited mixed wurtzite and zinc blende phase. This result is consistent with the in-situ
RHEED analysis.
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6.4.8 Summary and discussion
Comparison of the RHEED patterns for V3604, V3631 and V3634 suggests that
the zincblende phase is suppressed as TN increases. However, as adatom migration
increases with temperature, it is also expected that the average QD volume increases
with TN . Thus the suppression of the zincblende phase might occur gradually as
the QD grows (i.e. the nitridated thickness increases), with the zincblende phase
featuring most prominantly at the InGaN/AlN interface, in which case the increased
temperature would exert only indirect influence over the crystalline phase.
Through the use of several complimentary techniques, laboratory-scale GISAXS
instrumentation was determined to be sufficient for accurately probing the QD ge-
ometries by utilizing a real-space scattering model based on the Born approximation
and Fourier analysis methods. The QDs in which the nitridation was performed at
a temperature of TN = 300 ◦C had bimodal size distributions, whereas the QDs in
which TN ≥ 450 ◦C had trimodal size distributions. The geometric parameters de-
termined from the real-space model were found to agree with the large mode (of a
bimodal distribution) for samples in which TN = 300 ◦C, and the small mode (of a tri-
modal distribution) for samples in which TN ≥ 450 ◦C. The other growth parameters
(i.e. metal flux, monolayer coverage, nominal In composition) were found to influence
the resulting QD characteristics, but not to the dramatic extent of the annealing and
nitridation temperature within the limited parameter space in this work.
The Hankel transformed GISAXS data was found to be dominated by either the
small mode or the large mode depending on the areal density of the large mode.
Samples V3604, V3605, V3610, V3611, and V3613 exhibited scattering from the
large mode. Samples V3631 and V3634 exhibited scattering from the small mode.
It should be noted that due to the obscuring of correlation peaks near q|| = 0 by
the near-specular reflection in reciprocal space, vital scattering information from the
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Figure 6·30: Schematic for InGaN SQD sample.
large mode is ignored by the Hankel transform. Therefore the scattering itself is not
necessary dominated by the small mode for V3631 and V3634.
6.5 Single layer InGaN QDs on GaN templates
A series of InGaN QD samples were grown by DHE on GaN templates. The
schematic for the sample series is shown in figure 6·30. Representative samples are
discussed in this section.
Samples were grown in pairs utilizing the same growth parameters for the In-
Ga nanodroplet formation, but with only one of the pair exposed to active nitrogen
in order to observe the change in morphology upon crystallization. These sample
pairs were studied by FESEM . Figure 6·31 compares the nitridation of nanodroplets
formed by 37.3 MLs (10 nm) of metal coverage with nanodroplets formed by 7.5
MLs (2.3 nm) coverage, both with approximately 0.61 nominal In composition. The
crystallization of the former is shown by 6·31(a1) and 6·31(a2), whereas the latter is
shown by 6·31(b1) and 6·31(b2). A reduction is aspect ratio is observed, which in
the case of the larger nanodroplets, leads to partial coalescence and an undesirable
resulting morphology. The smaller nanodroplets are observed to be remain separated
upon crystallization into InGaN.
Figures 6·32(a)-(c) and 6·32(A)-(C) show FESEM images for V3584 in SE mode
and BSE mode respectively. The agreement between the two modes qualitatively
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Figure 6·31: FESEM micrographs showing the change in morphology
upon nitridation of the nanodroplets.
correlates the surface morphology with chemical composition. A clear bimodal size
distribution is observed. The cluster morphology that was observed in the InGaN
QDs grown on AlN appears to be suppressed, suggesting that strain promotes the
manifestation of the phenomenon.
Figure 6·33 shows an AFM image for V3584. Analysis of the data finds that the
large and small modes have areal densities of 1010 and 1011 cm−2 and mean diameters
of 50 and 20 nm, respectively.
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(b) (B)
(a) (A)
Figure 6·32: FESEM images for V3584. The left column shows
SE mode micrographs at (a) 50 kx (b) 200 kx magnification. The
right column shows BSE mode micrographs at (A) 50 kx (B) 200 kx
magnification. The agreement between the two modes qualitatively
correlates morphology with chemical composition. Inspection of the
micrographs shows a clear bimodal size distribution.
Figure 6·33: AFM topograph of V3584.
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Chapter 7
CONCLUSIONS AND FUTURE
DIRECTIONS
This dissertation addressed the growth and structural properties of InGaN QDs.
Two methods of QD formation were developed - the conventional SK growth mode
(Chapter 5) and the novel DHE method (Chapter 6), the latter of which was previ-
ously unexplored for ternary nitride alloys. The SK growth mode was used to grow
single QD layers on n-GaN and GaN, QD multilayers on GaN, and a p-i-n junction in
which the active region consisted of QDs embedded within a GaN matrix. DHE was
used to grow single QD layers on Al2O3, AlN, and GaN. The QDs grown by DHE on
AlN were subject to an in-depth investigation of their structural properties by com-
plimentary techniques including (S)TEM and GISAXS. This work constitutes the
first time that QDs have been successfully studied by GISAXS using laboratory-scale
instrumentation rather than a sychrotron beamline, which has promising implications
for the future development of QDs of all material systems, as the powerful technique
can be adopted as a standard part of the workflow.
The majority of SK InGaN layers were intentionally grown with nominal InN mole
fractions of .49 or .65, the former of which requires approximately 70% strain to the
GaN template during growth to escape the spinodal curve, and the latter of which
is always within the spinodal curve, based on the growth and anneal temperatures.
The majority of the samples were observed to exhibit phase separation in the InGaN
layers, but also the desired QD morphology. Capping the InGaN layer with GaN was
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found to suppress phase separation, as long as the GaN cap was grown at relatively low
temperatures. Samples with a high temperature GaN cap were found to exhibit phase
separation, and in the case of MQD samples, a loss of the superlattice periodicity.
GISAXS experiments found the 3D morphology of the QDs to be preserved upon low-
temperature capping, and PL experiments demonstrated that the QDs are optically
active.
The investigation into the structural properties of the DHE QDs on AlN found
several trends relating the resultant topographies to the growth parameters. QD size
was observed to increase with the ratio of In to Ga flux and the annealing/nitridation
temperature. The annealing/nitridation temperature was also observed to increase
the inter-dot spacing, and equivalently, reduce the areal density. Additionally, a
correlation between hexagonal in-plane ordering and temperature was observed. The
QD microstructure of the larger QDs was frequently observed to be clustered, with
In-rich sub-dots contained within. This is tentatively attributed to the significant
compressive strain imparted from the AlN template, and would presumably be at
least partially mitigated by the use of a GaN template. While none of the DHE QDs
on GaN were studied by (S)TEM, high resolution SEM does support this assumption.
There are several different directions in which future work related to InGaN QD
growth by DHE could be pursued. The first is a more extensive investigation of the
parameter space. Two such parameters that were not explored in this work are the
substrate temperature during deposition of In and Ga, and the active nitrogen flux.
Another direction is the investigation of the optical properties by NSOM PL, as the
PL experiments in this work utilized instrumentation for integral rather than local
characterization. Finally, there are several novel device concepts worth exploring.
The intermediate-band solar cell is a particularly interesting device concept, as InGaN
QDs are theoretically well-suited to its realization.
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